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Abstract

The progressively deeper understanding of mechanisms underlying stem cell fate decisions has 

enabled parallel advances in basic biology—such as the generation of organoid models that can 

further one’s basic understanding of human development and disease—and in clinical translation

—including stem cell based therapies to treat human disease. Both of these applications rely on 

tight control of the stem cell microenvironment to properly modulate cell fate, and materials that 

can be engineered to interface with cells in a controlled and tunable manner have therefore 

emerged as valuable tools for guiding stem cell growth and differentiation. With a focus on the 

central nervous system (CNS), a broad range of material solutions that have been engineered to 

overcome various hurdles in constructing advanced organoid models and developing effective stem 

cell therapeutics is reviewed. Finally, regulatory aspects of combined material-cell approaches for 

CNS therapies are considered.
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1. Introduction

The central nervous system (CNS) is the region of the nervous system responsible for 

integrating sensory stimuli, processing this information, and executing a response. It consists 

of two main components: the brain, which is responsible for information processing and 

body function coordination both consciously and unconsciously, and the spinal cord, which 

serves as a conduit for transmitting the signals from the brain to the peripheral system and 

for controlling certain musculoskeletal reflexes independently from the brain. The two main 

types of tissues in the CNS are classified as gray matter—consisting of nerve cell bodies, 

dendrites, and axons, and white matter—consisting primarily of myelinated axons.[1]

At a high level, throughout embryonic development stem cells arising from the fertilized egg 

divide, specialize, and self-organize to give rise to a full, complex organism including the 

CNS. During the first two weeks of development, the process of gastrulation gives rise to the 

three germinal layers: ectoderm, mesoderm, and endoderm. The ectoderm—the origin of the 

CNS—subspecializes to form the neuroectoderm, which in turn gives rise to the neural crest 

and neural tube. The latter is composed by neuroepithelial cells, which are the early neural 

stem cells (NSCs), that initially divide symmetrically to expand their population, and later 

asymmetrically to generate multipotent progenitors, differentiated neurons, and glial cells.[2] 

The region of the neural tube in which neurogenesis occurs is termed the ventricular zone 

(VZ). This transient embryonic layer of tissue contains NSCs that line the ventricular 

system, which contains the cerebrospinal fluid (CSF). In addition, the embryonic ventricular 

system contains growth factors and other nutrients needed for neurogenesis. Newborn 

neurons progressively migrate outward from the VZ, leading to thickening of the tissue and 

ultimately the formation of the brain and spinal cord.

Developing a deep understanding of the mechanisms underlying CNS formation, as well as 

ways in which this tissue can fail, would offer insights into basic human development as 

well as approaches for cell replacement therapies (CRTs) to treat human disease and injury. 

However, a major limitation for such efforts is the lack of suitable models that recapitulate 

the complex environment of human neural tissue. Animal models for in vivo modeling have 

been widely adopted for studying these diseases;[3,4] however, these models often fail to 

fully recapitulate human disease due to fundamental biological differences between species. 

Fortunately, pluripotent stem cells (PSCs)—which have the capacity to generate all cell 

types of the adult body, including the CNS—offer great potential for emulating and 

investigating human CNS development and disease, as well as for generating desired neural 

subtypes with potential for treating neurological conditions. Furthermore, the advent of 

induced pluripotent stem cells (iPSCs), which can be derived from nearly any somatic cell 

such as skin or blood, enables the generation of patient “personalized” models to study 

genetic influences on human disease.[5]

In addition to their application to modeling CNS development and disease, stem cells are 

promising candidates to treat CNS disorders—such as neurodegenerative diseases, traumatic 

brain or spinal cord injuries, or stroke—which remain significant clinical challenges 

worldwide.[6] In general, the endogenous capacity of the CNS to regenerate is highly 
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limited, and pharmacological and other interventions for such disorders largely address 

symptoms without modifying disease progression.[7–9] Therefore, the use of stem cells for 

cell-replacement therapies offers the unique opportunity to repair the damaged tissue and 

thereby potentially restore motor and/or cognitive functions. In particular, cortical neurons,
[10] cortical interneurons,[11] medium spiny neurons,[12] oligodendrocyte precursors,[13] and 

dopaminergic neurons[14] have been generated by differentiating human stem cells in culture 

and offer potential to treat neurological conditions.

The potential of stem cells across the diverse applications described above is promising, yet 

one overarching challenge is identifying the optimal cellular microenvironmental conditions 

to instruct specific cellular outcomes, such as high yield expansion, lineage-specific 

differentiation, robust integration and functionality, and ultimately rebuilding complex 

multicellular tissues when implanted in vivo for therapeutic use. To overcome these 

challenges, materials can be engineered to interface with cells in specific ways to promote 

desired cell outcomes. Here, we review novel advanced materials, defined as materials 

engineered in the last decade to possess advantageous features in cell culture, including 

reproducibility and tunable biochemical and biophysical properties, that can be utilized to 

guide cell fate and improve efforts across the spectrum from CNS modeling to repair (Figure 

1). First, we provide a description of the native neural stem cell microenvironment in the 

developing and adult brain. Next, we review the range of advanced materials engineered to 

mimic the tissue architecture in vivo for improved in vitro models of the CNS for basic 

biology studies. Then, we shift to the translational use of materials for improved 

manufacturing and implantation of stem cell derived therapeutics for unmet needs in CNS 

diseases and disorders. Finally, we discuss regulatory considerations for advanced materials 

in stem cell therapeutics.

2. The Microenvironment of Stem Cells in the Central Nervous System

2.1. The Neural Stem Cell Niche in the Developing CNS

All mature neural cell types arise from neural stem cells in the developing embryo. During 

embryonic development, stem cells within the developing neural tube are exposed to a 

precisely orchestrated combination of extrinsic signals that compose the cell’s niche. 

Extrinsic signaling cues activate specific receptors on the cell surface that relay 

microenvironmental information to the cell nucleus by way of intracellular signal 

transduction cascades. Intrinsic determinants of cell fate, such as receptor expression profile, 

subcellular localization of organelles,[15] or epigenetic state of DNA,[16] modulate this 

cellular response to external signals. In the nucleus, gene transcription is initially regulated 

in response to the external environment on a short timescale (minutes-hours). Cumulative 

changes in transcription over long time scales (hours-days) then emerge as a discrete 

“output” phenotypic response, such as cell cycle arrest, cell division, differentiation into a 

specialized cell type, or cell death. Spatially overlapping gradients of different morphogens 

and growth factors[17] act to progressively pattern the diverse range of cell types in the brain 

and spinal cord.[18] The key morphogens that regulate spatial patterning of the neural tube 

include sonic hedgehog (SHH), WNTs, and bone morphogenetic proteins (BMPs)—which 

form antiparallel signaling gradients along the dorsal-ventral axis in the developing tube—
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and fibroblast growth factors (FGF), WNTs, and retinoic acid, which pattern the rostro-

caudal axis.[18]

The extracellular matrix (ECM) of the stem cell niche also has critical functions in neuronal 

differentiation, maturation, migration, axonal growth, and synaptogenesis.[19,20] It is 

composed of a complex mixture of fibrous proteins, proteoglycans, and glycosaminoglycans 

(GAGs)—which include molecules such as laminin, collagen, gelatin, heparan sulfate, and 

fibronectin—many of which present peptide or glycan motifs that engage adhesion receptors 

on the cell surface and activate intracellular signaling pathways. During development, 

laminins are the earliest expressed matrix proteins, detected as soon as the two-cell stage of 

the developing embryo. The inner cell mass of the human embryo presents laminin 511 and 

521, which are able to bind the integrin receptors expressed by embryonic stem cells (ESCs).
[21] In the developing CNS, NSCs span the entire depth of the anterior region of the 

forebrain, and ECM signals likely arise from both apical and basal surfaces of the CNS. 

However, cell bodies are closer to the ventricular surface, in the VZ, rendering the signals 

within the VZ of particular interest. Many different laminin chains are expressed in this 

region, especially the alpha2 and 4 chains of laminin 111. In addition, high levels of 

chondroitin sulfate GAGs and chondroitin sulfates have been identified in these embryonic 

proliferative zones.[22] As the regions of the CNS continue to develop, the biochemical and 

biophysical signature of each region become distinct, and further instruct cellular fate 

commitment and maturation.

2.2. Structural Complexity of the Adult CNS

Rostro-caudal patterning of the neural tube during embryogenesis gives rise to the four 

regions of the CNS: forebrain, midbrain, hindbrain, and spinal cord. The forebrain is the 

largest brain division, composed by the four lobes of the cerebral cortex, and is responsible 

for a diverse range of functions including muscle movement, memory, thinking, decision-

making, processing sensory information, receiving and processing visual information from 

the retina, auditory perception, memory formation, and language production as well as the 

regulation of the endocrine system. Cortical excitatory glutamatergic neurons, inhibitory 

striatal medium spiny neurons, GABA interneurons of the cortex, radial glia, 

oligodendrocytes, glutamatergic neurons, and astrocytes are among the cell subtypes 

responsible for the various functions within the forebrain.[23] The midbrain regulates motor 

movement, particularly movements of the eye, and aids in the processing of auditory and 

visual information. Several subtypes of dopaminergic neurons are present within the 

midbrain, and they closely interact with glutamatergic neurons, as well as glial cells.[24] The 

midbrain and hindbrain together compose the brainstem, which extends toward the spinal 

cord. The hindbrain assists in the regulation of autonomic functions, such as maintaining 

balance and equilibrium, movement coordination, and the relay of sensory information. The 

hindbrain is composed by baroreceptor- and glucose-sensitive neurons, glutamatergic 

neurons, as well as Purkinje cells and granule cells in the cerebellum.[25] The spinal cord, 

which functions primarily in the transmission of nerve signals from the motor cortex to the 

body, and from the afferent fibers of the sensory neurons to the sensory cortex, nucleates 

spinal interneurons, sensory neurons, motor neurons, and glial cells. Motor neurons are also 

found at different levels of the CNS, including the cortex, midbrain, and hindbrain.[26]
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Furthermore, the ECM surrounding cells within the adult brain is a complex macromolecular 

network composed of proteins and polysaccharides that occupy the space in between 

neurons and glia, and its composition changes throughout development and accounts for 

≈20% of the total volume in the adult brain. These ECM molecules may be arranged 

diffusely to form an ECM matrix or condense to create specific compartments in the 

extracellular space, such as perineuronal and perisynaptic nets, or to form basement 

membranes in the neurovascular unit contributing to the blood–brain barrier. The main 

components of the ECM deposited in the extracellular space are hyaluronic acid (HA), 

sulfated proteoglycans, tenascin, and link proteins. In addition, the basic structure of the 

basement membrane is composed of laminin, enactins, collagen IV, and heparan sulfate 

proteoglycans (such as perlecan or agrin). The source of such molecules includes astrocytes 

as well as neurons, and astrocytes also secrete other ECM proteins, including SPARC, hevin, 

tenascin, and thrombospondin. These proteins are synthesized during development and have 

a reduced expression in the adult CNS. ECM glycoproteins secreted from neurons, such as 

reelin and leucine-rich glioma inactivated protein 1 (LGI1), act as signals both during 

development and in the adult brain that are critical for synaptic plasticity in the adult brain.
[20] Overall, the complex structure of the CNS and intricate connections between different 

regions within constitute a big challenge for the development of reliable models that 

recapitulate its cellular diversity and ECM across various regions.

3. Materials to Enhance In Vitro Models of the CNS

3.1. Conventional Models of the CNS and Their Limitations

Several model systems have been employed to recapitulate human CNS development, 

physiology, and disease across a range of length scales from molecular to cellular to tissue 

level (Figure 2). 2D cultures offer systems that are simple, highly controllable, and amenable 

to high-throughput experimentation and data acquisition,[27] though they fail to reproduce 

the complex anatomy and physiology of natural tissues described in Section 2 because they 

lack control over the 3D spatial patterning of the cells as well as the spatio-temporal 

interactions between cells and their ECM.

On the other end of the spectrum, animal models of the CNS, such as rodents or non-human 

primates (NHP), provide the anatomy and physiology of a fully functioning CNS, including 

regional patterning and interactions with other organ systems such as the circulatory, 

endocrine, and immune systems. However, limited experimental throughput, genetic 

differences between rodents/NHP cells and human cells, and ethical considerations for use 

of animals limit the applicability of animal models.[28] Thus, there is a need for advanced in 

vitro models of the human CNS that are physiologically relevant, reproducible, controllable, 

and amenable to high-throughput applications.

3.2. Organoids for Enhanced Modeling of the CNS

3.2.1. What Is an Organoid?—Recently, 3D aggregates of hPSCs under specific 

environmental conditions have been found to execute developmental “programs” to create 

complex, organized multicellular structures that develop and mature in a manner that mimics 

fetal development. Termed “organoids,” these in vitro cellular aggregates can recapitulate 
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histological features of various CNS regions,[29,30] as well as gene expression patterns and 

epigenomic signatures[31,32] and neural network activity.[33] Not only does their resemblance 

to human CNS development and disease[34] make organoids a more physiologically relevant 

model system compared to 2D cell cultures, but they also offer the capacity for both higher 

throughput studies and the ability to use human cells rather than animal models.[35]

3.2.2. How Are Brain Organoids Made?—Brain organoid protocols are divided into 

two major classes: i) self-patterning or unguided, whole brain differentiation that relies on 

intrinsic self-organization capabilities of PSCs[36] and ii) prepatterning or guided, region-

specific differentiation, which drives cells toward a certain identity using small molecules 

and protein morphogens, which, for example, includes models of the forebrain[37] or 

midbrain.[38] In self-patterning protocols, cell aggregates, ideally of controlled size, are 

embedded in complex ECM scaffolds (e.g., Matrigel) that support neuroepithelium self-

organization, and the resulting organoids exhibit characteristics of various cerebral regions. 

In contrast to self-patterning protocols, prepatterning methods use free-floating cultures of 

cell aggregates, and Matrigel is added to the culture medium. These organoids recapitulate 

many aspects of the early developing human neocortex.[39,40]

Currently, directed organoid differentiation protocols primarily rely on a specific sequence 

and duration of biochemical cues that are derived from specific stages of CNS development 

and are thus intended to generate the desired cell types/tissue by extrinsic regulation of stem 

cell fate (Figure 3A). For instance, when modeling neuroectoderm from hESCs, dual SMAD 

inhibitors (LDN193189 and SB431542), which block the activation of specific cell surface 

receptors, are used to both promote neuralization of the primitive ectoderm through BMP 

pathway inhibition and to suppress mesendodermal fate by inhibiting endogenous activin/

TGFβ signaling pathways. From there, if, for example, generation of the forebrain region of 

the CNS is desired, a combination of WNT antagonist (such as DKK1) and SHH agonist 

(such as purmorphamine) is used to emulate the natural development of these cells that 

results from positioning within intersecting WNT and SHH signal gradients along rostro-

caudal and dorso-ventral axes.[12]

3.2.3. Limitations of Current Organoid Protocols—Although the advent of 

organoid technologies has advanced in vitro models of the human CNS considerably, 

recapitulating certain cellular organizational structures of the developing CNS[36] and with 

proteomic similarities to fetal tissues,[41] there are still significant limitations in organoid 

reproducibility, biological maturation, and structural organization.

The early development of organoid technology relied heavily on Matrigel, a highly bioactive 

yet complex and poorly defined mixture of proteins and proteoglycans[42] extracted from 

mouse tumor cells (Table 1). Although Matrigel’s composition offers an enriched 

environment for organoid growth and maturation, it has several drawbacks for future 

development of organoid models. Most prominent is the poorly defined composition of 

bioactive cues it contains, leading to difficulty in quality control measures and batch-to-

batch variability, which may contribute to poor reproducibility and organoid consistency.
[42,43] Additionally, the diverse biochemical and biophysical properties of a Matrigel 

scaffold are not well controlled, and it is difficult to parse the effects of any individual 
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signaling cue from the many others present.[44] Physical properties that have been identified 

to influence stem cell fate, such as substrate stiffness, differ between Matrigel and the brain.
[45]

Organoid formation studies in which cell aggregates were not embedded in supporting 

matrices, offered relevant insights into CNS biology, though organoid generation was not 

always reproducible.[46,47] These protocols, which utilize soluble cues in suspension cultures 

to provide biochemical instruction of stem cell fate decisions, limit spatial control of these 

signals and largely ignore important biophysical cues from the ECM that influence cell fate 

during CNS development.[40,48]

Biological limitations in current brain organoid protocols exist as well. Though important 

cell types of the CNS—including neurons, astrocytes, oligodendrocytes, and recently 

microglia—arise in current organoid models, the maturation of these cell types typically 

resembles that of fetal tissue rather than the adult CNS.[49,50] Additionally, the lack of 

symmetry breaking events during organoid maturation leads to inefficient lineage 

specification and disordered spatial arrangement of the different brain regions,[40,51] leaving 

unresolved questions about the maturation process of brain tissue and limited CNS disease 

modeling capability.

Structurally, the absence of vasculature in brain organoid systems constrains the size and 

therefore the development of additional neuronal layers because of low oxygen diffusion to 

the core, even creating a necrotic region in the center of many organoid constructs that may 

influence the physiology of adjacent cells. As a result, organoids have a limited capacity to 

replicate the complex multicellular organization and tissue-like architectures that arise 

during development within and across different CNS regions.

3.3. Advanced Materials to Guide Organization of Organoids

3.3.1. Toward Defined Material Scaffolds—Advanced material scaffolds can 

potentially be employed to overcome these limitations in current organoid protocols and 

specifically to help recapitulate the tightly tuned extrinsic environment of the developing 

CNS in vitro and thereby guide the patterning, growth, and maturation of organoids (Figure 

3B) with progressively more defined and reproducible parameters (Table 2). Utilizing 

defined synthetic materials to culture organoids can provide the ability to isolate individual 

variables at a time to parse out its role in development. For example, a neural tube model in 

PEG investigated the role of retinoic acid, a biochemical patterning cue that plays a role in 

the developing CNS, and revealed that its role in inducing pattern formation was 

independent of any ECM or growth factor cues[52] (Figure 4A) when it was able to induce 

dorso-ventral organization in neuroepithelial cysts in a PEG matrix that was void of any 

ECM signals.

Hybrids of natural and synthetic polymers have also been used to incorporate essential 

signals from native ECMs, specifically tailored to create the cellular heterogeneity and 

maturation needed to recapitulate the desired CNS structures. The concentration, spacing, 

presentation, patterning, and timing of ligand presentation impact cell behavior and can be 

tailored using advanced material platforms.[40,48,53] For instance, a PEG-based hydrogel was 
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used to systematically assess the role of a broad variety of potential extracellular modulators 

of neuroepithelial differentiation and morphogenesis, by cross-linking collagen IV, laminin 

111, or perlecan, among others, into the PEG backbone.[54] Using organoids derived from 

mouse PSCs, the authors found that laminin was the most positive modulator of not only 

proliferation and neural differentiation of the progenitors but also of symmetry-breaking 

events that ultimately led to neural tube-like patterning along the dorso-ventral axis.

Furthermore, the conjugation of matrix metalloproteinases (MMP) cleavage sites in these 

PEG polymers allowed tuning not only of the chemical and physical (polymer rigidity) 

inputs to the developing organoid, but also a temporal change in polymer rigidity as the 

polymer was degraded over time.[54]

Defined materials have also been studied to physically guide the spatial patterning and 

growth of cerebral organoids. Specifically, poly(lactic-co-glycolic acid) (PLGA) 

microfilaments were used as a template for PSCs attachment, leading to polarization of the 

cell’s physical environment in the presence of Matrigel together with defined soluble 

biochemical cues in the culture media.[55] The resulting elongated embryoid bodies (EB) 

enhanced neuroectoderm formation and subsequent cortical development (Figure 4B).

Additionally, increased reproducibility in CNS organoid generation has been achieved by 

using miniaturized multiwell spinning bioreactors that are able to grow larger organoids by 

improving diffusion of oxygen and nutrients, in a reduced culture volume system.[56] Using 

this method, the authors were able to generate forebrain, midbrain, and hypothalamic 

organoids from hiPSCs.

3.3.2. Novel Materials to Improve Vascularization for Enhanced Organoid 
Development—Defined material scaffolds can potentially also be coupled with other 

advanced technologies to improve guided organoid development and thereby better control 

in vivo tissue functionality and complexity. For example, grafting organoids into living mice 

can introduce a vasculature system to better recapitulate an in vivo system,[57] though this 

approach essentially introduces previously described downsides of using a rodent model to 

study the CNS. As an alternative, a material based system that harnesses VEGF potency to 

pattern blood vessel formation and microfluidics to circulate oxygenated medium may be of 

future interest. Along this vein, two-photon patterning has been used to spatially arrange 

NGF in a 3D matrix that enabled researchers to guide the growth of neuronal axons during 

morphogenesis.[58] Alternatively, new synthetic-protein hybrid materials[59] or 3D 

printing[60] have potential to be employed for patterned immobilization of VEGF to guide 

angiogenesis within brain organoids, or other patterning cues to better recapitulate 

developmental morphogen gradients in the CNS.

3.3.3. Future Considerations for Material Scaffolds in Brain Organoid 
Protocols—There are several existing challenges in brain organoid development that novel 

materials could be engineered to overcome. To mimic the combinatorial signaling 

environment of the developing CNS, morphogens such as retinoic acid and WNT could be 

immobilized into inert 3D scaffolds in perpendicular and antiparallel gradients. The scaffold 

material may also better mimic the biochemical and biophysical signaling environment of 
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the neural stem cell niche by including defined combinations of ECM proteins as described 

previously in Section 2.2.[61] Given the dynamic microenvironment of cells in the 

developing CNS, these engineered niches would also benefit from an ability to modulate the 

signaling milieu over time, such as with microfluidic perfusion through a 3D scaffold to 

temporally control biochemical gradients and recapitulate the evolving niche at different 

stages of development as a stem cell turns into a progenitor and ultimately into a more 

mature and functional cell type.[62] Additionally, the introduction of automated and higher 

throughput culture systems will help realize the potential of brain organoid models in 

collecting well-controlled and robust datasets to better probe unresolved questions in CNS 

development and disease.[63]

Overall brain organoids offer a promising approach for generating physiologically relevant 

models of the human CNS amenable to high-throughput analysis. Combining current 

organoid protocols with advanced material technologies may improve the reproducibility, 

structural organization, and maturation issues evidenced by the use of exogenous 

biochemical cues alone. The resulting advanced organoid models of the CNS may enable 

applications in modeling development, neurodegenerative diseases, and in vitro screens for 

drug toxicity and potency.

4. Materials to Facilitate Cell Therapy for the CNS

4.1. The Promise of Cell Therapy for Unmet Needs in CNS Disease

In addition to using stem cells to increase our fundamental understanding of the CNS, they 

can also be harnessed to address unmet needs in human health. Stem cell-derived therapies 

are promising candidates to treat CNS disorders, and the rationale and feasibility of these 

therapies have been widely explored during recent years.[10,11,13,14] CRTs offer the potential 

to restore function in the CNS when neurodegenerative conditions have progressed to the 

stage that significant endogenous cell populations have been lost.[64] In addition, implanted 

cells could also secrete protective factors to slow disease progression.

Currently, there are several stem cell-derived therapies targeted to treat CNS disorders either 

in late preclinical development or clinical trials. Parkinson’s disease (PD) is estimated to 

affect 630 000 to 1 000 000 people in the United States (0.3% of the general population)
[6,65,66] and involves the death of specific populations of neurons, including midbrain 

dopaminergic (mDA) neurons of the substantia nigra, which is accompanied by substantial 

motor and to an extent cognitive deficits in affected patients.[6,65,66] Therapeutic options for 

these patients are very limited and only provide temporary alleviation of motor symptoms. 

There are currently six ongoing clinical trials in the United States using mesenchymal stem 

cells (MSCs) to treat PD, presumably harnessing secretion of protective factors. 

Furthermore, methods to convert PSCs into mDA neurons have fortunately been developed,
[67] and clinical trials using such PSCs-derived mDA neurons will also initiate soon.[68] As 

another important target, spinal cord injury (SCI) has a prevalence in the United States 

ranging from 240 000 to 337 000.[6] The pathophysiology associated with SCI involves a 

complex cascade of events including edema, hemorrhage, inflammation, severing of axons, 

parenchymal cavitation, and loss of myelin-producing oligodendrocytes.[69] Given the severe 

functional deficits and the current lack of treatment options to aid neurological recovery, 
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cervical SCI remains an important research focus for regenerative medicine, including stem 

cell based replacement therapies to remyelinate the damaged spinal cord.[69] There are 

currently five ongoing clinical trials in the United States involving the use of stem-cell 

derived products such as PSCs, NSCs, and MSCs to treat SCI. Furthermore, a clinical study 

involving the use of hESC-derived oligodendrocyte precursor cells (OPCs) just completed 

Phase 1/2.[68] These efforts promise to substantially advance the cell therapy field.

While patient-derived autologous cells would be the immunologically ideal cell therapy,[70] 

it is very challenging to isolate sufficient numbers of such cells for an effective treatment,[71] 

and the majority of human somatic cells can undergo only limited expansion.[64,72] 

Therefore, this level of personalized medicine can be logistically and economically 

challenging. Allogeneic hESC and hiPSC-based therapies offer a potential solution to this 

challenge—particularly for generating sufficient numbers of cells for conditions with large 

patient numbers such as PD, SCI, or age-related macular degeneration (AMD).

4.2. Roadblocks to Effective Translation of Stem Cell Therapeutics

4.2.1. Current Challenges in Stem Cell Manufacturing—To effectively harness the 

full potential of stem cell-derived therapeutics, robust, reproducible, and scalable 

manufacturing practices are needed to produce high-quality, potent cellular products that 

meet critical quality attributes (CQAs), such as identity, purity, and potency of the cell 

product.[73,74] Stem cell manufacturing for CRTs requires a very tightly controlled 

microenvironment where soluble factors, topological cues, and spatial organization give rise 

to specific cell population of interest, initially through cell expansion and then lineage-

specific differentiation.[75] For example, mDA neurons derived from hiPSCs using the 

FoxA2 floor plate method are advancing to clinical trials for PD. This method involves 

seeding stem cells in a 2D environment on a Matrigel-coated surface, then exposing them to 

dual SMAD inhibitors, SHH, and WNT agonists for 10 d to induce FOXA2+/LMX1A+ 

midbrain floor plate precursors for mDA neuron differentiation.[67,76] As another example, 

for clinical development of OPCs for SCI, hESCs are seeded into ultralow attachment flasks 

to stimulate EB formation. After a month in culture, the EBs are plated in a 2D environment 

on Matrigel-coated flasks, and additional differentiation factors are added to trigger OPC 

differentiation.[69] As the stem cell therapy field naturally and progressively matures, future 

manufacturing practices may benefit from addressing several challenges in the clinical 

application of stem cell-derived products.

One challenge is the limited reproducibility associated with batch-to-batch variability of 

tissue-derived products like Matrigel. Fully defined, synthetic materials offer the possibility 

of gaining better control and therefore higher reproducibility over manufacturing conditions. 

Another major challenge is scalability. Naturally derived compounds can be difficult to 

produce in large enough quantities, due to complex derivations (e.g., Matrigel from mouse 

tumor), limited availability (e.g., laminin from human placenta), and high costs. Moreover, 

natural compounds can be highly biodegradable and therefore need to be replenished during 

the production run.

Additionally, culturing cells in 2D is labor-, space-, and reagent-intensive and is thus 

generally best suited for generating small cell numbers for early stage clinical development.
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[77–79] As an example, typically ≈2 × 105 cells can be produced per cm2 of 2D surfaces, 

such that it would require ≈1 × 107 cm2 (equivalent to ≈180 000 10 cm cell culture dishes) 

to hold just the ≈2 × 1012 mDA neurons to treat nearly all patients with PD in the United 

States (with a post-implantation survival rate of ≈1–5%, ≈2 × 106 cells are needed per 

patient to guarantee the survival of 105 cells needed for the therapeutic effect),[80] not 

accounting for substantial additional surface area for cell expansion, the <100% efficiency of 

cell differentiation, batch testing and patient administration.[81,82] For SCI, ≈2 × 107 OPCs 

per patient are needed, requiring ≈6 × 105 10 cm cell culture dishes (≈4 × 107 cm2) to 

manufacture just the OPCs used to treat the prevalent U.S. population.[69] Together with this 

cost-inefficient process to scale out 2D cultures, large-scale manufacturing of stem cells in 

2D also presents numerous additional challenges such as modest expansion rates of stem 

cells (≈4–10×/passage) as well as limited control over cell spontaneous differentiation 

triggered by agglomeration.[75] Additional remaining challenges related to 2D cultures 

include poor viability upon cell dissociation and passaging (which involves mechanically 

dissociating highly delicate cells that are in tight contact with the surface).[83,84] 

Furthermore, 2D cultures are very different from the physiological microenvironments of 

many cell types. The lack of the natural tissue architecture, which often times translates into 

non-natural cell polarity and cell–cell contacts, can lead to suboptimal survival, expansion, 

and differentiation.

3D suspension cultures, such as with low-attachment plates or stir-tank bioreactors where 

cells are free-floating in the culture medium, have been extensively studied as a means to 

scale up cell production.[77–79,83] However, a critical problem with these cultures is 

uncontrolled cell agglomeration. hPSCs are prone to form strong cell–cell interactions that 

lead to aggregation within this type of 3D environments.[85] Agglomeration leads to 

inhomogeneity in cell aggregate, making it a poorly reproducible and inefficient process.[78] 

The transport of oxygen, nutrients, and growth factors to—as well as the transport of 

metabolic waste away from—the interior of large agglomerates (>400 μm diameter) 

becomes limited, leading to slow growth, cell death, and uncontrolled differentiation.[78,86] 

While increasing agitation in stir-tank bioreactors can reduce cell agglomeration, it also 

exerts hydrodynamic, shear stresses that compromise cell survival.[78,87,88] Therefore, these 

suspension-based 3D cultures can lead to low reproducibility and inefficient scalability (low 

volumetric yields).[83]

4.2.2. Current Challenges in Implantation of Stem Cell-Derived Products—
The promise of CRTs for the treatment of degenerative disorders within the CNS is 

contingent upon the survival and functionality of the replacement cell population after 

delivery to the injury/disease site in the CNS, yet several technical and biological hurdles 

peri- and post-implantation pose challenges for successful delivery of CRTs.

The primary mode of delivery of cell therapies to the CNS is by intracranial or intrathecal 

injection in order to localize the transplant to the site of degeneration or injury, yet several 

technical hurdles challenge efficient cell delivery. Implantation of mature hPSC-derived 

mDA neurons typically results in extremely low cell survival postimplantation (1–5%).
[81,82,70,89] During the injection process, cell suspensions within a syringe are prone to 

sedimentation during the waiting period between loading cells into the syringe and the 
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injection,[90,91] and the pressure created during the injection process has resulted in reflux, 

or backflow, of cells along the injection tract.[92,93] Both sedimentation and reflux during 

injection can result in cell dosing inconsistencies. Furthermore, cells experience an abrupt 

velocity increase from the syringe to the needle, as well as high shear forces from velocity 

gradients of flow through the relatively narrow needle, that may affect cell viability, 

especially for more mature cell types with neurites that may be more sensitive to shear.[94] 

Unfortunately, implantation of less mature, more robust neural progenitor cells may result in 

off-target differentiation or even continued cell division in vivo, which pose safety risks. 

These injection-related hurdles may be bypassed for specific cases of injury, such as 

traumatic brain injury (TBI) or SCI, if a surgical engraftment is possible.

Postimplantation, cell grafts face additional threats to viability, maturation, and functionality 

from several sources in the host tissue.[66] Treatment benefits for PD patients from CRTs are 

typically only noticeable at ten months to two years or longer after transplantation.[81,82] 

This slow alleviation of disease symptoms is mirrored in preclinical models, where animals 

show significant behavioral or motor improvements only several months post-

transplantation,[93,95–98] and one potential cause is that transplanted progenitor cells likely 

need to mature further into functional mDA neurons in vivo before releasing dopamine and 

innervating surrounding neurons. Depending on the magnitude of disease progression or 

injury in the host tissue, the microenvironment may be void of trophic support that 

encourages cell engraftment and function, or even contain inflammatory or toxic factors 

secreted from reactive astrocytes[98–100] or microglia that contribute to graft rejection by the 

host immune system in the CNS, especially for allogeneic cell grafts.[101–104] Subsequently, 

over longer timescales after implantation, cells that do not innervate or migrate outward 

from the injection site or seek out vasculature may function suboptimally, if at all, due to 

insufficient oxygen/nutrient exposure and thereby reduce the potency of the overall cell 

graft.[105]

4.3. Novel Materials to Overcome Current Challenges in Stem Cell Manufacturing and 
Implantation

In the last decade, there has been a steady increase in the number of engineered materials 

designed to optimize stem cell production in a variety of cell contexts and for diverse 

applications in the CNS. Tables 3 and 4 summarize the CQAs for each desired cell type with 

the potential to target different CNS conditions and the novel materials designed to 

overcome some of these challenges. In this sense, advanced materials bring several 

advantages for stem cell manufacturing since they offer the possibility to mimic 

biochemical, mechanical, and topological features of natural environments in 2D or 3D 

(Figure 5). Along this vein, implantation of cells with materials shows potential in 

alleviating one or more of the current problems in cell transplantation in the CNS. Generally, 

the material acts as a multifunctional delivery vehicle for the cellular cargo during 

implantation (Figure 6). However, it is unlikely a one-size-fits-all material can be 

constructed for the range of CRTs being developed for CNS repair. For example, retinal 

pigment epithelium (RPE) cells for treatment of AMD showed enhanced anatomic 

integration and functional activity from implantation of a monolayer on a synthetic parylene 

substrate that mimics the structure of Bruch’s membrane, compared to RPEs in suspension.
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[106–108] Conversely, mDA neuron grafts in PD rodent models displayed enhanced cell 

survival and innervation if transplanted within a 3D hydrogel scaffold containing trophic 

cues.[109] Advantageously, materials can be engineered to exhibit a diverse range of 

chemical and physical properties that can be customized for a specific purpose, CQA and 

implantation region in the CNS, as we describe next.

4.3.1. Natural versus Synthetic Materials—Materials for stem cell manufacturing 

and implantation are typically made of polymers that can be classified into two main 

categories, natural and synthetic.[110] The most commonly used natural or naturally derived 

materials are made of collagen, alginate, hyaluronic acid, chitosan, methylcellulose, or 

decellularized tissues.[110] These materials offer biocompatibility and bioactive properties 

that make them attractive for several tissue engineering applications.[111] However, low 

stability, limited control over mechanical properties, and at times rapid biodegradation are 

disadvantages of such naturally derived materials.[112]

Synthetic materials are chemically defined polymers that can offer several advantages such 

as: a) tunability of mechanical properties over a wide stiffness range, b) greater control over 

material degradation, c) low batch-to-batch variability and thus high reproducibility, d) cost-

effective scalability, and e) biological inertness, which can be advantageous for their 

application in stem cell manufacturing when a low interaction with biological molecules is 

desired. However, lack of cell adhesion sites and potential toxicity can be disadvantages of 

these synthetic materials[113] that necessitate materials engineering and optimization efforts. 

For example, materials can be tailored to exhibit different physical properties, such as 

topography or stiffness, or diverse biological traits, such as biodegradability or the 

incorporation of bioactive cues to increase survival, proliferation, differentiation, or 

maturation of stem cells.[114] Some examples of synthetic materials are poly(ethylene 

glycol) or PEG, poly(N-isopropylacrylamide) or PNIPAAm, poly(ε-caprolactone), PLGA, 

poly-lactic acid (PLA), poly-ε-caprolactone (PCL), and polystyrene (PS). Natural and 

synthetic materials can be combined in a variety of ways to form hybrid materials that 

harness the strengths of each constituent.[115]

4.3.2. Materials for 3D Cell Encapsulation

Thermoreversible Cell Encapsulation:  For cell manufacturing, synthetic, chemically 

defined, and thermoreversible PNIPAAm-PEG materials have been shown to support hPSCs 

survival, as well as expansion in growth media followed by differentiation upon addition of 

instructive cues, in a 3D environment that minimizes agglomeration due to physical 

separation of cells within the gel (Figure 7A,B).[80,83,116] This hydrogel presents the 

advantage of having a sol-gel transition temperature of ≈25 °C, allowing for mixing cells 

with the material as a liquid while on ice followed by cell encapsulation upon elevation to 37 

°C. hPSCs grown in these conditions can achieve densities of up to ≈2 × 107 cells mL−1 of 

hydrogel, whereas the most effective 2D system enables a final yield of <1 × 106 cells mL−1.
[83] This hydrogel has also been used to culture hPSCs in bioreactors by simple extrusion 

through a syringe to form fibers. This method increased cell survival compared to standard 

3D bioreactors with free-floating cells by both reducing hydrodynamic stresses and ensuring 

efficient nutrient transport via controlling the cluster size of expanding cells to less than 400 
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μm (radial diameter).[80] Together with higher cell yields and scalability compared to other 

culture platforms, this system also adds more control over stem cell differentiation by both 

alleviating agglomeration as well as allowing gentle cell retrieval by simply adding cold 

media to the hydrogel followed by partial dissociation of the cell clusters, removing the need 

for enzymatic cell harvesting and minimizing chemical and physical stresses.

For cell implantation, thermosensitive hydrogels can exhibit a sol-gel transition in between 

room temperature and body temperature. This temperature responsiveness enables feasible 

handling to load into a syringe while in the liquid phase, and cell encapsulation in the gel 

phase when heated and ultimately implanted at body temperature. Extensive phase equilibria 

studies and models for polymer-solvent systems have been established and may help inform 

design and predict phase behavior for use in injectable stem cell therapeutics.[117] In 

practice, NSCs suspended in a thermosensitive diblock copolypeptide hydrogel (DCH-T) 

above the lower critical solution temperature (LCST) exhibited less sedimentation and 

clumping in a syringe compared to aqueous solution, as well as increased survival after 

injection[118] (Figure 8A). The increased viscosity of the injection as it formed a gel at body 

temperature in situ can also mitigate backflow of cells up the injection tract by imposing a 

physical containment (Table 5).

Chemically Cross-Linked Materials for Cell Encapsulation:  Natural or synthetic 

polymers that form hydrogels using chemical cross-linkers can also be used for cell 

encapsulation during manufacture or implantation. Alginate is a natural anionic polymer 

electrolyte polysaccharide extracted from brown algae.[110] It is a strictly linear copolymer 

composed of two monosaccharides of α-L-guluronic acid (G) and β-D-mannuronic acid (M), 

respectively.[119] Alginate forms a dense 3D hydrogel when exposed to divalent ions, such as 

Ca2+, Sr2+, and Ba2+, and could therefore be employed to encapsulate cells using standard 

culture media conditions. hESCs grown in alginate gels have been shown to proliferate and 

expand over several passages while retaining their pluripotency (Figure 7C–E). To recover 

cells from this hydrogel, medium is removed, and alginate hydrogels are dissolved with 

EDTA.

Furthermore, alginate possesses an advantageous shear-thinning property where the 

viscosity of the gel decreases under strain, such as when pushed through a syringe during 

cell implantation, but increases back to its original viscosity when the strain is removed. In 

particular, the regions of the gel closest to the inner wall of the needle undergo shear 

thinning to lubricate the motion of the rest of the bulk hydrogel as it passes through the 

needle in a plug flow manner. The cells within the bulk of the gel distal from the inner walls 

of the needle are in theory insulated from high shear and deformation during the velocity 

increase from syringe to needle that may otherwise lead to cell death. For example, MSCs 

and neural progenitor cells encapsulated in alginate showed improved viability when passed 

through a needle in comparison to cells in PBS.[120] HA exhibits similar shear thinning as 

observed when fibroblasts encapsulated in a HA and methylcellulose blend were injected 

into a model of SCI resulting in increased viability post-transplantation.[121]

4.3.3. Material Stiffness and Topography—The physical microenvironment has a 

large influence on yield of the target neural cell type during stem cell manufacturing. 
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Mechanistically, physical inputs are relayed through transmembrane mechanotransduction 

receptors such as integrins and mucins and downstream targets, such as Rho GTPase and 

Yes-associated protein (YAP) signaling pathways.[122,123] The stiffness of the normal adult 

brain varies among its different regions, with an average range between 1 and 2 kPa,[124,125] 

although certain regions such as the neurogenic niche in the hippocampus have been shown 

to fall between 50 and 120 Pa.[126] To recapitulate the physical microenvironment of 

endogenous neural stem cells, material stiffness can be tuned by modulating the 

composition, concentration, and degree of crosslinking of base polymers, and can range 

from very soft (<0.1 kPa) to very stiff (>100 kPa). Substrate stiffness has been shown to 

control neural stem cell proliferation and differentiation programs. Soft matrices promote 

NSC differentiation into neurons, whereas stiffer substrates promote astrogenesis.[127,128] 

These results are analogous to studies on mechanosensitive differentiation of MSCs, which 

showed that soft substrates favor adipogenesis whereas stiff substrates promote osteogenesis.
[129]

Studies of mechanosensitive neural stem cell differentiation have been conducted in both 

2D, when seeded on polyacrylamide-based hydrogels[127] and chitosan-based hydrogels,[130] 

as well as 3D,[131,132] when encapsulated in scaffolds such as alginate hydrogels.[133] For 

example, alginate hydrogels with a stiffness range between 180 and 20 000 Pa were used to 

encapsulate NSCs, and neuronal differentiation was promoted in soft hydrogels (≈180 Pa).
[133] This finding was consistent with reports using 2D platforms in which neuronal 

differentiation was favored in the softest gels (≈500 Pa).[134] While both of these 2D and 3D 

studies identified the pro-neurogenic stiffness to be close to the stiffness range found in the 

stem cell niche within the hippocampus, the brain region where these cells reside, the 3D 

model more closely recapitulated the mechanical properties as well as cytoskeletal 

arrangements of these cells in their natural 3D environment.

Topographical features, such as porosity, also affect stem cell proliferation, migration, and 

differentiation.[134,135] Several engineered materials can be tailored to exhibit controlled 

topographical properties for stem cell manufacturing. Teng et al. used sphere-templating 

fabrication techniques to make controllable porous hydrogel scaffolds and measured the 

toughness (ability to plastically deform without fracturing) of synthetic hydrogels compared 

to their porous counterparts. The toughness ranges of many synthetic hydrogels are in the 

range of 104–105 J m−3, whereas the modified porous hydrogel scaffolds presented a 

toughness of 1.5 × 106 to 1.4 × 107 J m−3, showing how material porosity affects the 

plasticity properties of these materials.[135] Using porous hydrogels, another study showed 

that high porosity hydrogels increase proliferation of NSCs and promote glial cell over 

neuronal differentiation.[136] In addition, porous PEG hydrogels allow for spindle-shaped 

cell morphologies comparable to natural fibrin, supporting the notion that porosity and 

overall substrate morphology can affect stem cell shape, adhesion, migration, and ultimately 

fate. It has also been shown that adhesion of hMSCs to hydrogels with heterogeneous 

surface wrinkles changes their shape and differentiation patterns.[137] Future studies may 

extend these findings to cell manufacturing from hPSCs.

The physical and topographical properties of polymer hydrogels can also be tuned to aid cell 

transplantation in the CNS by modulating variables such as polymerization time and density 
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of cross-linking sites in the base polymers (Table 6). Pore sizes for implantation materials 

have ranged from hundreds of nanometers[138] to hundreds of micrometers in diameter.[139] 

Smaller pores can function as a physical barrier to host microglia and macrophage invasion 

during an inflammatory response to transplantation or in conditions such as TBI where the 

reactive environment is a secondary cause of cell death after the primary injury (Figure 8B).
[138] Conversely, higher porosity has been implicated in blood vessel formation,[140] which 

is a key consideration for cell grafts and tissue regeneration. Pore size can increase when 

polymer scaffolds are broken down by either nonenzymatic or enzymatic processes.[141] 

Notably, hydrogel porosity is a property that can be engineered to vary over time by tuning 

the degradation kinetics of the polymer.

4.3.4. Engineering Materials with Tunable Biodegradability—While PNIPAAm-

PEG and alginate materials form nonconvalently crosslinked gels, other materials involve 

covalent crosslinking. As a result, biodegradability must be considered to evaluate their 

potential use in stem cell manufacturing. On one hand, degradation provides the space for 

cell proliferation and tunable, progressive release of encapsulated trophic factors.[142] 

Furthermore, degradable materials reduce the deleterious effects of physical confinement on 

cell differentiation.[143,144] However, subproducts of degradation may be toxic or bioactive, 

which needs to be carefully controlled and taken into account upon the initial material 

design. In addition, controlling a material’s degradation rate can offer better reproducibility.

Naturally derived materials are typically biodegradable and nontoxic. However, their 

degradation kinetics in culture can be hard to control, especially when the cells secrete 

degradative enzymes, which often makes them less ideal for cell manufacturing. Such is the 

case of alginate, HA, or gelatin. Several approaches have been developed to gain control 

over degradation of these materials. Ashton et al. demonstrated that embedding a controlled 

release alginase inside of an alginate hydrogel for tunable enzymatic degradation could 

significantly stimulate encapsulated NSC proliferation compared to standard alginate.[145] 

Analogously, gelatin can be degraded by many secreted metalloproteases in culture,[146] and 

hybrid hydrogels conjugating gelatin to synthetic polymers have been developed to gain 

control over its degradability.[147]

Synthetic hydrogels are often non-biodegradable but can be modified by crosslinking them 

with degradable molecules to enable controllable biodegradation. For example, several 

groups have made NIPAAm copolymers biodegradable by synthetizing a type of 

thermoresponsive NIPAAm copolymer with hydrolysable lactate ester side groups.[148] As 

another example with PVA, the incorporation of hydrolytically labile ester can trigger the 

degradation of polymer networks at neutral pH.[149] On the other hand, PEG-based 

hydrogels have been widely used for different applications to exert diverse biodegradability 

properties. Examples of this are photodegradable hydrogels[150] or PEG-based hydrogels 

that degrade in response to secreted MMPs enabling tunable hMSC culture.[151] 

Furthermore, a photodegradable and biocompatible hybrid hydrogel made of gelatin and 

PEG offers the possibility of spatially and temporally tuning its physical and chemical 

properties with light exposure, without compromising the integrity of the cells.[152]
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Biodegradability is a critical aspect of polymers used to aid cell implantation into the CNS. 

Nonenzymatic degradation occurs for a class of pH-sensitive synthetic polymers, such as 

hydroxyethyl-methacrylate (HEMA), that degrade into nontoxic biocompatible components 

at endogenous pH levels. The synthetic nature of these polymers offers the advantages of a 

fully defined chemical matrix. Alternatively, enzymatic cleavage sites can be chemically 

incorporated into polymer backbones, such as the β1–4 glycosidic bonds of HA units in 

GAG polymers that are cleaved by hyaluronidases present endogenously in the brain, or 

peptide sequence recognized by zinc-dependent MMPs secreted from cells. A HA-based 

scaffold with MMP cleavage sites promoted formation of vasculature in the NSC graft site 

of a stroke model (Figure 8C).[141] In addition, MMP kinetics can be quantified to predict 

material degradation time and infer subsequent cell response in order to guide polymer 

design of materials implanted with cells.[153]

4.3.5. Engineering Materials with Customized Bioactivity—Base polymers can 

be engineered to possess specific bioactive moieties to further instruct a desired cell 

response. Covalent tethering of cell responsive peptides or growth factors onto base 

polymers influences both the stability of the cue and its presentation to the cells, which can 

enhance cell production. For cells that are dependent on some form of ECM anchor for 

survival, cell-adhesive peptides such as RGD or IKVAV can be conjugated to base polymers 

to prevent anoikis. Some examples of such materials—which also offer the advantage of 

tunable-stiffness—used for stem cell manufacturing are HAPNIPAAm-PEG,[116] PEG-

norbornene-CRGDS,[154] or alginatechitin.[155] Among materials engineered to present 

additional bioactive cues, some examples are decellularized plant tissue scaffolds coated 

with the fibronectin-derived integrin-binding domain, RGD,[156] or PS coated with 

polydopamine and PLGARGD together with trophic factors.[157] For cell implantation, this 

approach can provide supplementary functionality to enhance graft survival/integration, 

promote cell migration, or provide trophic support for cell maturation. NSCs transplanted in 

RADA16 with IKVAV sites showed higher survival and integration into the host brain tissue 

in a model of cerebral neocortex loss.[114]

Soluble bioactive cues, such as growth factors, can be added to base materials via 

electrostatic charges from polar functional groups, such as carboxylic acids, amides, 

sulfates, and hydroxyls that are abundant in naturally occurring biopolymers composed of 

repeating disaccharide units of GAGs such as HA, heparin, chondroitin sulfate; synthetic 

chemical polymers such as HEMA; and polyelectrolytes such as PCL, poly-L-lysine (PLL), 

and PLA. Growth factors with oppositely charged moieties exhibit sustained release due to 

decreased diffusion rates when enmeshed within these hydrogels. For example, 

transplantation of mDA neurons into rodent models of PD using a HA hydrogel mixed with 

trophic cues HGF, GDNF, and Ephrin-B2 enhanced graft survival, dispersion, and 

integration into the native neuronal network[109] (Figure 8D). However, immobilized growth 

factors may be a more potent and stable form of signal presentation than in soluble form[158] 

for several reasons. First, diffusion away from the graft site is prevented. Second, receptor-

mediated endocytosis, whereby a cell internalizes a receptor-ligand complex resulting in 

degradation of the ligand, is hindered. In a study that compared PCL functionalized with 

immobilized GDNF to soluble GDNF, the immobilized GDNF remained bound and retained 
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higher bioactivity than the soluble form in vitro, and also enhanced survival, proliferation, 

migration, neurite outgrowth of encapsulated NSCs in the brain parenchyma, as well as 

reduced inflammatory responses.[159]

Finally, new combinations of natural and synthetic materials with novel features for cell 

transplantation in the CNS have been developed and assessed for their functionality in vitro 

that may have potential for in vivo studies of safety and functionality. For example, a fully 

synthetic PEG-based hydrogel with fibronectin fragments that provide cell adhesive domains 

was found to guide linear neurite extension and is a candidate for NSC transplantation in 

SCI.[160] Additionally, naturally derived silk fibroin functionalized with laminin displayed 

enhanced and unidirectional neurite outgrowth.[161] Carbon nanotubes have been considered 

for guiding neuronal axon growth as well and demonstrate biocompatibility.[162] For NSC 

transplantation, a PEG-4MAL based polymer that used affinity based binding of laminin to 

N-terminal agrin (NtA) displayed higher bioactivity compared to alternative strategies to 

incorporate laminin into the synthetic polymer.[163]

4.4. Future Considerations for Material Scaffolds for Stem Cell Manufacturing and 
Implantation

There are several remaining challenges in stem cell manufacturing and delivery that can be 

addressed by engineering advanced materials. For example, limited control over cell 

differentiation during production leads to highly heterogeneous cell products with low yields 

of the desired cell types and poor reproducibility of the production process. Materials have 

the potential to overcome these limitations by incorporating spatiotemporal control over the 

biochemical and biophysical signals presented to these cells to more closely resemble their 

natural environment, as well as tunable degradability to offer cells enough space to grow 

while progressively releasing encapsulated trophic factors.[152,164,165] As a result, expansion 

of PSCs can be maximized with a reduced risk of spontaneous differentiation, and 

subsequent efficient specification into the desired cell lineages can be achieved. In addition, 

these materials need to be suitable for scalability, such as thermoreversible 3D scaffolds, in 

order to produce sufficient quantities of cells to treat affected patient populations. Another 

challenge associated with stem cell manufacturing is the need for reliable and cost-effective 

high-throughput analytics to determine identity, purity, and potency of the cell products in 

vitro, amenable to high-scale production.[166–168] Detailed characterization of lineage 

commitment dynamics of differentiating hESCs that has reached unprecedented resolution 

with the use of single-cell RNA-seq[169–172] will aid in the development of improved 

analytics as well as enhanced purification methods to obtain high yields of highly pure cell 

populations.[169–172]

Remaining challenges associated with implantation of stem cell-derived products into the 

CNS can also be tackled by engineering advanced materials. Controlling physical properties 

of delivery materials, such as viscosity or thermoreversibility, may reduce cell death and 

aggregation during delivery into the target site, increasing the efficacy of the therapy and 

reducing the variability between injections.[120,173] Upon transplantation, there is a need for 

tighter control over cell survival, differentiation, maturation, migration, and establishment of 

functional connections with the neighboring cells, which would benefit from the use of 
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material scaffolds designed to incorporate biochemical and biophysical cues as well as 

controlled release of trophic factors in the engraftment site.[174,175]

Stem cell-derived products to treat neurodegenerative disorders have shown promising 

results in early stage clinical trials. Advanced materials for manufacturing and delivery of 

these cells offer the opportunity to improve quality, reproducibility, scalability, and safety of 

these products to increase their potential for clinical translation in order to meet patient 

needs and expand CRTs to broader applications in CNS diseases.

5. Regulatory Considerations for Clinical Translation of Materials in CRT 

Manufacturing and Implantation

Several moving parts need to converge to advance a cell therapy product to the clinic, and 

the complexity of the effort doubles if a unique delivery vehicle is needed. Following a risk-

based approach in the early design and development of the cell and material components in 

the overall therapeutic is recommended whereby each subcomponent of the development 

pipeline is analyzed through a lens of mitigating risks to overall create a predictably 

manufacturable, safe, and efficacious therapeutic.

The wide array of choices available for polymer backbones and additives confers a vast 

design space in engineering material scaffolds with desirable properties to enhance cell 

manufacturing and transplantation to the CNS (Figure 9). Choice of starting materials can be 

a critical decision that needs early consideration in the development of cell and material 

therapeutics. For cells, the source of donor can greatly influence the production process. For 

autologous therapies especially, donor cells may exhibit wide heterogeneity and the results 

of a generic production process may vary widely and in an unpredictable manner. Quality 

control tests to understand the composition of a donor cell population, such as 

immunocytochemistry or gene expression analysis for defining cell markers are necessary to 

identify and mitigate risks from the onset. Recently, omics-based approaches for cell 

population classification have been employed for higher resolution information, though 

deriving meaningful interpretations will represent a challenge. For raw materials that will go 

into developing a delivery scaffold for cell transplantation, it is advantageous to use 

materials that have established quality control procedures, are deemed safe or even already 

FDA approved for biomedical purposes, can be mass manufactured, and are available from 

multiple vendors, rather than synthesizing the majority of starting materials in-house which 

may have wide variability from batch-to-batch of production, and will affect the synthesis 

downstream.

Scalability of the cell production and material synthesis processes should be considered 

early in the product development, perhaps in conjunction with early safety and efficacy tests, 

as manufacturing at clinical scale is the bottleneck for many cell therapies in clinical 

pipelines currently. Given the long production time of some cell therapies, within-process 

sampling of cells and media during differentiation processes are advantageous to measure 

and monitor to ensure the production is on track, or halt a run at the earliest sign of deviation 

from the expected operating range rather than waiting until the end of a full production run. 

At the macroscale, engineered materials for cell manufacturing will possess bulk properties 
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that need to be considered when choosing a bioreactor configuration. For example, 

hydrogels that are delicate are not well suited for a wave or stirred tank reactor that will 

impose turbulent flow and eddies but may fit well with a plug flow reactor that imposes a 

slow perfusion of fresh media. Additionally, materials with controllable degradation, such as 

enzymatically cleaved or thermoresponsive materials, are advantageous for cell retrieval on 

demand for within-process monitoring as well as cell harvesting at the end of a production 

run.

Finally, sterilization processes for material delivery vehicles, such as gamma or UV 

irradiation, should be designed to not alter functionality of the potent components of the 

material.[176] UV-sensitive bonds in polymer networks may be a concern and alternative 

sterilization methods may need to be sought out, such as ethylene oxide or supercooled CO2 

treatment.[177]

6. Conclusion

Materials with a diverse range of properties have been engineered to interface with stem 

cells in a controlled and tunable manner to overcome limitations in current cell culture 

methods. The application of novel materials in basic biology helps probe fundamental 

questions about human CNS development by construction of advanced organoid models in 

vitro. Furthermore, novel materials can be applied to solve problems in manufacturing and 

implantation of stem cell therapeutics to effectively translate candidate therapies from the 

bench to the clinic.

Acknowledgements

R.J.M. and R.G.S. contributed equally to this work. The authors wish to acknowledge the NIH for award 
R01NS074831 to D.V.S. and the National Science Foundation (NSF) for the Graduate Student Fellowship awarded 
to H.J.J. Cartoon graphics created with BioRender.com.

Biography

Riya Muckom is a postdoctoral researcher who is interested in the clinical translation of 

stem cell derived therapies. She received her Ph.D. in chemical and biomolecular 

engineering from UC Berkeley in 2018 with an NSF Graduate Research Fellowship, and her 

B.S. in chemical and biochemical engineering from Colorado School of Mines in 2013.

Muckom et al. Page 20

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://BioRender.com


Rocío G. Sampayo received her Ph.D. degree in cellular and molecular biology and her B.S. 

in biology from University of Buenos Aires. She is currently a postdoctoral researcher at UC 

Berkeley interested in the study of how extracellular matrices influence stem cell fate with a 

special focus on engineering novel materials for stem cell therapeutics.

Hunter J. Johnson received his B.S. in biomedical engineering from the University of 

Wisconsin-Madison in 2018. He is currently a Ph.D. student in the UC-Berkeley/UC-San 

Francisco Graduate Program in Bioengineering and an NSF Graduate Research Fellow. His 

research interests include stem cell therapy, advanced biomanufacturing, and organoid 

models of neural development.

David Schaffer is a professor of chemical and biomolecular engineering, bioengineering, 

and neuroscience at University of California, Berkeley, where he also serves as the Director 

of the Berkeley Stem Cell Center. He received his Ph.D. degree in chemical engineering 

from MIT and B.S. in chemical engineering from Stanford. At Berkeley, Dr. Schaffer applies 

engineering principles to enhance stem cell and gene therapy approaches for 

neuroregeneration.

References

[1]. Schafer DP, Stevens B, Cold Spring Harbor Perspect. Biol. 2015, 7, a020545.

[2]. Noctor SC, Martínez-Cerdeño V, Ivic L, Kriegstein AR, Nat. Neurosci. 2004, 7, 136. [PubMed: 
14703572] 

[3]. Nestler EJ, Hyman SE, Nat. Neurosci. 2010, 13, 1161. [PubMed: 20877280] 

[4]. Xiong Y, Mahmood A, Chopp M, Nat. Rev. Neurosci. 2013, 14, 128. [PubMed: 23329160] 

[5]. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S, Cell 2007, 131, 
861. [PubMed: 18035408] 

[6]. Gooch CL, Pracht E, Borenstein AR, Ann. Neurol. 2017, 81, 479. [PubMed: 28198092] 

[7]. Lindvall O, Kokaia Z, Nature 2006, 441, 1094. [PubMed: 16810245] 

[8]. Song CG, Zhang YZ, Wu HN, Cao XL, Guo CJ, Li YQ, Zheng MH, Han H, Neural Regener. Res. 
2018, 13, 1665.

[9]. Lane EL, Handley OJ, Rosser AE, Dunnett SB, Neuropsychiatr. Dis. Treat. 2008, 4, 835. 
[PubMed: 19183776] 

[10]. Shi Y, Kirwan P, Livesey FJ, Nat. Protoc. 2012, 7, 1836. [PubMed: 22976355] 

[11]. Maroof AM, Keros S, Tyson JA, Ying SW, Ganat YM, Merkle FT, Liu B, Goulburn A, Stanley 
EG, Elefanty AG, Widmer HR, Eggan K, Goldstein PA, Anderson SA, Studer L, Cell Stem Cell 
2013, 12, 559. [PubMed: 23642365] 

Muckom et al. Page 21

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[12]. Adil MM, Gaj T, Rao AT, Kulkarni RU, Fuentes CM, Ramadoss GN, Ekman FK, Miller EW, 
Schaffer DV, Stem Cell Rep. 2018, 10, 1481.

[13]. Nistor GI, Totoiu MO, Haque N, Carpenter MK, Keirstead HS, Glia 2005, 49, 385. [PubMed: 
15538751] 

[14]. Adil MM, Schaffer DV, Curr. Protoc. Stem Cell Biol. 2018, 44, 2D.21.1.

[15]. Knoblich JA, Cell 2008, 132, 583. [PubMed: 18295577] 

[16]. Jaenisch R, Bird A, Nat. Genet. 2003, 33, 245. [PubMed: 12610534] 

[17]. Zagorski M, Tabata Y, Brandenberg N, Lutolf MP, Tkačik G, Bollenbach T, Briscoe J, Kicheva 
A, Science 2017, 356, 1379. [PubMed: 28663499] 

[18]. Tao Y, Zhang S-C, Cell Stem Cell 2016, 19, 573. [PubMed: 27814479] 

[19]. Barros CS, Franco SJ, Müller U, Cold Spring Harbor Perspect. Biol. 2011, 3, a005108.

[20]. Benarroch EE, Neurology 2015, 85, 1417. [PubMed: 26400579] 

[21]. Ahmed M, Ffrench-Constant C, Curr. Stem Cell Rep. 2016, 2, 197. [PubMed: 27547708] 

[22]. Kazanis I, Ffrench-Constant C, Dev. Neurobiol. 2011, 71, 1006. [PubMed: 21898854] 

[23]. Yuan F, Fang KH, Cao SY, Qu ZY, Li Q, Krencik R, Xu M, Bhattacharyya A, Su YW, Zhu DY, 
Liu Y, Sci. Rep. 2015, 5, 18550. [PubMed: 26670131] 

[24]. Root DH, Wang HL, Liu B, Barker DJ, Mód L, Szocsics P, Silva AC, Maglóczky Z, Morales M, 
Sci. Rep. 2016, 6, 30615. [PubMed: 27477243] 

[25]. Grill HJ, Hayes MR, Cell Metab. 2012, 16, 296. [PubMed: 22902836] 

[26]. Jessell TM, Nat. Rev. Genet. 2000, 1, 20. [PubMed: 11262869] 

[27]. Muckom R, McFarland S, Yang C, Perea B, Gentes M, Murugappan A, Tran E, Dordick JS, 
Clark DS, Schaffer DV, Biotechnol. Bioeng. 2019, 116, 193. [PubMed: 30102775] 

[28]. Nakano T, Ando S, Takata N, Kawada M, Muguruma K, Sekiguchi K, Saito K, Yonemura S, 
Eiraku M, Sasai Y, Cell Stem Cell 2012, 10, 771. [PubMed: 22704518] 

[29]. Renner M, Lancaster MA, Bian S, Choi H, Ku T, Peer A, Chung K, Knoblich JA, EMBO J. 2017, 
36, 1316. [PubMed: 28283582] 

[30]. Bagley JA, Reumann D, Bian S, Lévi-Strauss J, Knoblich JA, Nat. Methods 2017, 14, 743. 
[PubMed: 28504681] 

[31]. Camp JG, Badsha F, Florio M, Kanton S, Gerber T, Wilsch-Bräuninger M, Lewitus E, Sykes A, 
Hevers W, Lancaster M, Knoblich JA, Lachmann R, Pääbo S, Huttner WB, Treutlein B, Proc. 
Natl. Acad. Sci. USA 2015, 112, 15672. [PubMed: 26644564] 

[32]. Luo C, Lancaster MA, Castanon R, Nery JR, Knoblich JA, Ecker JR, Cell Rep. 2016, 17, 3369. 
[PubMed: 28009303] 

[33]. Trujillo CA, Gao R, Negraes PD, Gu J, Buchanan J, Preissl S, Wang A, Wu W, Haddad GG, 
Chaim IA, Domissy A, Vandenberghe M, Devor A, Yeo GW, Voytek B, Muotri AR, Cell Stem 
Cell 2019, 25, 558. [PubMed: 31474560] 

[34]. Choi SH, Kim YH, Hebisch M, Sliwinski C, Lee S, D’Avanzo C, Chen H, Hooli B, Asselin C, 
Muffat J, Klee JB, Zhang C, Wainger BJ, Peitz M, Kovacs DM, Woolf CJ, Wagner SL, Tanzi RE, 
Kim DY, Nature 2014, 515, 274. [PubMed: 25307057] 

[35]. Zhu Y, Wang L, Yu H, Yin F, Wang Y, Liu H, Jiang L, Qin J, Lab Chip 2017, 17, 2941. [PubMed: 
28752164] 

[36]. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, Homfray T, 
Penninger JM, Jackson AP, Knoblich JA, Nature 2013, 501, 373. [PubMed: 23995685] 

[37]. Kadoshima T, Sakaguchi H, Nakano T, Soen M, Ando S, Eiraku M, Sasai Y, Proc. Natl. Acad. 
Sci. USA 2013, 110, 20284. [PubMed: 24277810] 

[38]. Qian X, Nguyen HN, Song MM, Hadiono C, Ogden SC, Hammack C, Yao B, Hamersky GR, 
Jacob F, Zhong C, Yoon KJ, Jeang W, Lin L, Li Y, Thakor J, Berg DA, Zhang C, Kang E, 
Chickering M, Nauen D, Ho CY, Wen Z, Christian KM, Shi PY, Maher BJ, Wu H, Jin P, Tang H, 
Song H, Ming GL, Cell 2016, 165, 1238. [PubMed: 27118425] 

[39]. Heide M, Huttner WB, Mora-Bermúdez F, Curr. Opin. Cell Biol. 2018, 55, 8. [PubMed: 
30006054] 

Muckom et al. Page 22

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[40]. Kratochvil MJ, Seymour AJ, Li TL, Paşca SP, Kuo CJ, Heilshorn SC, Nat. Rev. Mater. 2019, 4, 
606.

[41]. Nascimento JM, Saia-Cereda VM, Sartore RC, da Costa RM, Schitine CS, Freitas HR, Murgu M, 
de Melo Reis RA, Rehen SK, Martins-de-Souza D, Front. Cell Dev. Biol. 2019, 7, 303. [PubMed: 
31850342] 

[42]. Hughes CS, Postovit LM, Lajoie GA, Proteomics 2010, 10, 1886. [PubMed: 20162561] 

[43]. Kleinman HK, McGarvey ML, Liotta LA, Robey PG, Tryggvason K, Martin GR, Biochemistry 
1982, 21, 6188. [PubMed: 6217835] 

[44]. Vukicevic S, Kleinman HK, Luyten FP, Roberts AB, Roche NS, Reddi AH, Exp. Cell Res. 1992, 
202, 1. [PubMed: 1511725] 

[45]. Soofi SS, Last JA, Liliensiek SJ, Nealey PF, Murphy CJ, J. Struct. Biol. 2009, 167, 216. 
[PubMed: 19481153] 

[46]. Wilson JL, Suri S, Singh A, Rivet CA, Lu H, McDevitt TC, Biomed. Microdevices 2014, 16, 79. 
[PubMed: 24085533] 

[47]. Pacitti D, Privolizzi R, Bax BE, Front. Cell. Neurosci. 2019, 13, 129. [PubMed: 31024259] 

[48]. Yin X, Mead BE, Safaee H, Langer R, Karp JM, Levy O, Cell Stem Cell 2016, 18, 25. [PubMed: 
26748754] 

[49]. Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Yang SM, Berger DR, Maria N, Scholvin J, 
Goldman M, Kinney JP, Boyden ES, Lichtman JW, Williams ZM, McCarroll SA, Arlotta P, 
Nature 2017, 545, 48. [PubMed: 28445462] 

[50]. Ormel PR, Vieira de Sá R, van Bodegraven EJ, Karst H, Harschnitz O, Sneeboer MAM, Johansen 
LE, van Dijk RE, Scheefhals N, van Berlekom AB, Martínez ER, Kling S, MacGillavry HD, van 
den Berg LH, Kahn RS, Hol EM, de Witte LD, Pasterkamp RJ, Nat. Commun. 2018, 9, 4167. 
[PubMed: 30301888] 

[51]. Qian X, Song H, Ming GL, Development 2019, 146, dev166074.

[52]. Meinhardt A, Eberle D, Tazaki A, Ranga A, Niesche M, Wilsch-Bräuninger M, Stec A, Schackert 
G, Lutolf M, Tanaka EM, Stem Cell Rep. 2014, 3, 987.

[53]. Holloway EM, Capeling MM, Spence JR, Development 2019, 146, dev166173.

[54]. Ranga A, Girgin M, Meinhardt A, Eberle D, Caiazzo M, Tanaka EM, Lutolf MP, Proc. Natl. 
Acad. Sci. USA 2016, 113, E6831.

[55]. Lancaster MA, Corsini NS, Wolfinger S, Gustafson EH, Phillips AW, Burkard TR, Otani T, 
Livesey FJ, Knoblich JA, Nat. Biotechnol. 2017, 35, 659. [PubMed: 28562594] 

[56]. Qian X, Jacob F, Song MM, Nguyen HN, Song H, Ming G, Nat. Protoc. 2018, 13, 565. [PubMed: 
29470464] 

[57]. Mansour AA, Gonçalves JT, Bloyd CW, Li H, Fernandes S, Quang D, Johnston S, Parylak SL, 
Jin X, Gage FH, Nat. Biotechnol. 2018, 36, 432. [PubMed: 29658944] 

[58]. Broguiere N, Traschel L, Mazunin D, Bode J, Lutolf MP, Zenobi-wong M, bioRxiv 2019.

[59]. Lim S, Jung GA, Muckom RJ, Glover DJ, Clark DS, Chem. Commun. 2019, 55, 806.

[60]. Mirabella T, Macarthur JW, Cheng D, Ozaki CK, Woo YJ, Yang MT, Chen CS, Nat. Biomed. 
Eng. 2017, 1, 0083. [PubMed: 29515935] 

[61]. Mitrousis N, Fokina A, Shoichet MS, Nat. Rev. Mater. 2018, 3, 441.

[62]. Rifes P, Isaksson M, Rathore GS, Aldrin-Kirk P, Møller OK, Barzaghi G, Lee J, Egerod KL, 
Rausch DM, Parmar M, Pers TH, Laurell T, Kirkeby A, Nat. Biotechnol. 2020.

[63]. Brandenberg N, Hoehnel S, Kuttler F, Homicsko K, Ceroni C, Ringel T, Gjorevski N, Schwank 
G, Coukos G, Turcatti G, Lutolf MP, Nat. Biomed. Eng. 2020.

[64]. Mount NM, Ward SJ, Kefalas P, Hyllner J, Philos. Trans. R. Soc., B 2015, 370, 20150017.

[65]. Kowal SL, Dall TM, Chakrabarti R, Storm MV, Jain A, Mov. Disord. 2013, 28, 311. [PubMed: 
23436720] 

[66]. Kikuchi T, Morizane A, Doi D, Magotani H, Onoe H, Hayashi T, Mizuma H, Takara S, Takahashi 
R, Inoue H, Morita S, Yamamoto M, Okita K, Nakagawa M, Parmar M, Takahashi J, Nature 
2017, 548, 592. [PubMed: 28858313] 

Muckom et al. Page 23

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[67]. Kriks S, Shim J-W, Piao J, Ganat YM, Wakeman DR, Xie Z, Carrillo-Reid L, Auyeung G, 
Antonacci C, Buch A, Yang L, Beal MF, Surmeier DJ, Kordower JH, Tabar V, Studer L, Nature 
2011, 480, 547. [PubMed: 22056989] 

[68]. ClinicalTrials.gov [WebPage], National Library of Medicine, Bethesda, MD.

[69]. Manley NC, Priest CA, Denham J, Wirth ED, Lebkowski JS, Stem Cells Transl. Med. 2017, 6, 
1917. [PubMed: 28834391] 

[70]. Neofytou E, O’Brien CG, Couture LA, Wu JC, J. Clin. Invest. 2015, 125, 2551. [PubMed: 
26132109] 

[71]. Heathman TR, Nienow AW, McCall MJ, Coopman K, Kara B, Hewitt CJ, Regener. Med. 2015, 
10, 49.

[72]. Trounson A, McDonald C, Cell Stem Cell 2015, 17, 11. [PubMed: 26140604] 

[73]. Abdeen AA, Saha K, Trends Biotechnol. 2017, 35, 971. [PubMed: 28711155] 

[74]. Simon CG, Lin-Gibson S, Elliott JT, Sarkar S, Plant AL, Stem Cells Transl. Med. 2016, 5, 705. 
[PubMed: 27386605] 

[75]. Adil MM, Schaffer DV, Curr. Opin. Chem. Eng. 2017, 15, 24.

[76]. Riessland M, Kolisnyk B, Kim TW, Cheng J, Ni J, Pearson JA, Park EJ, Dam K, Acehan D, 
Ramos-Espiritu LS, Wang W, Zhang J, Shim J. won, Ciceri G, Brichta L, Studer L, Greengard P, 
Cell Stem Cell 2019, 25, 514. [PubMed: 31543366] 

[77]. Li Q, Lin H, Du Q, Liu K, Wang O, Evans C, Christian H, Zhang C, Lei Y, Biofabrication 2018, 
10, 025006.

[78]. Kropp C, Massai D, Zweigerdt R, Process Biochem. 2017, 59, 244.

[79]. Jenkins MJ, Farid SS, Biotechnol. J. 2015, 10, 83. [PubMed: 25524780] 

[80]. Lin H, Li Q, Lei Y, Sci. Rep. 2017, 7, 40191. [PubMed: 28057917] 

[81]. Hagell P, Brundin P, J. Neuropathol. Exp. Neurol. 2001, 60, 741. [PubMed: 11487048] 

[82]. Li W, Englund E, Widner H, Mattsson B, Van Westen D, Lätt J, Rehncrona S, Brundin P, 
Björklund A, Lindvall O, Li JY, Proc. Natl. Acad. Sci. USA 2016, 113, 6544. [PubMed: 
27140603] 

[83]. Lei Y, Schaffer DV, Proc. Natl. Acad. Sci. USA 2013, 110, E5039.

[84]. Ohgushi M, Sasai Y, Trends Cell Biol. 2011, 21, 274. [PubMed: 21444207] 

[85]. Chen K, Mallon B, Johnson K, Methods in Molecular Biology, Elsevier, Amsterdam 2015.

[86]. Hajdu Z, Mironov V, Mehesz AN, Norris RA, Markwald RR, Visconti RP, J. Tissue Eng. 
Regener. Med. 2010, 4, 659.

[87]. Kinney MA, Sargent CY, McDevitt TC, Tissue Eng., Part B 2011, 17, 249.

[88]. Fridley KM, Kinney MA, McDevitt TC, Stem Cell Res. Ther. 2012, 3, 45. [PubMed: 23168068] 

[89]. Doi D, Samata B, Katsukawa M, Kikuchi T, Morizane A, Ono Y, Sekiguchi K, Nakagawa M, 
Parmar M, Takahashi J, Stem Cell Rep. 2014, 2, 337.

[90]. Rossetti T, Nicholls F, Modo M, Cell Transplant. 2016, 25, 645. [PubMed: 26720923] 

[91]. Potts MB, Silvestrini MT, Lim DA, Surg. Neurol. Int. 2013, 4, S22.

[92]. Varenika V, Dickinson P, Bringas J, LeCouteur R, Higgins R, Park J, Fiandaca M, Berger M, 
Sampson J, Bankiewicz K, J. Neurosurg. 2008, 109, 874. [PubMed: 18976077] 

[93]. Morrison PF, Chen MY, Chadwick RS, Lonser RR, Oldfield EH, Am. J. Physiol. 1999, 277, 
R1218.

[94]. Kondziolka D, Gobbel GT, Fellows-Mayle W, Chang YF, Uram M, Cell Transplant. 2011, 20, 
1901. [PubMed: 21457614] 

[95]. Kirkeby A, Grealish S, Wolf DA, Nelander J, Wood J, Lundblad M, Lindvall O, Parmar M, Cell 
Rep. 2012, 1, 703. [PubMed: 22813745] 

[96]. Grealish S, Diguet E, Kirkeby A, Mattsson B, Heuer A, Bramoulle Y, Van Camp N, Perrier ALL, 
Hantraye P, Björklund A, Parmar M, Van Camp N, Perrier ALL, Hantraye P, Björklund A, 
Parmar M, Cell Stem Cell 2014, 15, 653. [PubMed: 25517469] 

[97]. Kirkeby A, Nolbrant S, Tiklova K, Heuer A, Kee N, Cardoso T, Ottosson DR, Lelos MJ, Rifes P, 
Dunnett SB, Grealish S, Perlmann T, Parmar M, Cell Stem Cell 2017, 20, 135. [PubMed: 
28094017] 

Muckom et al. Page 24

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[98]. Baeker RA, Dunnett SB, Faissner A, Fawcett JW, Exp. Neurol. 1996, 141, 79. [PubMed: 
8797670] 

[99]. Emgård M, Karlsson J, Hansson O, Brundin P, Exp. Neurol. 1999, 160, 279. [PubMed: 
10630212] 

[100]. Sortwell CE, Pitzer MR, Collier TJ, Exp. Neurol. 2000, 165, 268. [PubMed: 10993687] 

[101]. Bergwerf I, Tambuyzer B, De Vocht N, Reekmans K, Praet J, Daans J, Chatterjee S, Pauwels P, 
Van Der Linden A, Berneman ZN, Ponsaerts P, Immunol. Cell Biol. 2011, 89, 511. [PubMed: 
21102538] 

[102]. Janowski M, Engels C, Gorelik M, Lyczek A, Bernard S, Bulte JWM, Walczak P, Cell 
Transplant. 2014, 23, 253. [PubMed: 23294627] 

[103]. Gupta N, Henry RG, Kang SM, Strober J, Lim DA, Ryan T, Perry R, Farrell J, Ulman M, 
Rajalingam R, Gage A, Huhn SL, Barkovich AJ, Rowitch DH, Stem Cell Rep. 2019, 13, 254.

[104]. Deuse T, Wang D, Stubbendorff M, Itagaki R, Grabosch A, Greaves LC, Alawi M, Grünewald 
A, Hu X, Hua X, Velden J, Reichenspurner H, Robbins RC, Jaenisch R, Weissman IL, Schrepfer 
S, Cell Stem Cell 2015, 16, 33. [PubMed: 25465116] 

[105]. Bible E, Dell’Acqua F, Solanky B, Balducci A, Crapo PM, Badylak SF, Ahrens ET, Modo M, 
Biomaterials 2012, 33, 2858. [PubMed: 22244696] 

[106]. Diniz B, Thomas P, Thomas B, Ribeiro R, Hu Y, Brant R, Ahuja A, Zhu D, Liu L, Koss M, 
Maia M, Chader G, Hinton DR, Humayun MS, Invest. Opthalmol. Visual Sci. 2013, 54, 5087.

[107]. Da Cruz L, Fynes K, Georgiadis O, Kerby J, Luo YH, Ahmado A, Vernon A, Daniels JT, 
Nommiste B, Hasan SM, Gooljar SB, Carr AJF, Vugler A, Ramsden CM, Bictash M, Fenster M, 
Steer J, Harbinson T, Wilbrey A, Tufail A, Feng G, Whitlock M, Robson AG, Holder GE, Sagoo 
MS, Loudon PT, Whiting P, Coffey PJ, Nat. Biotechnol. 2018, 36, 328. [PubMed: 29553577] 

[108]. Kashani AH, Lebkowski JS, Rahhal FM, Avery RL, Salehi-Had H, Dang W, Lin CM, Mitra D, 
Zhu D, Thomas BB, Hikita ST, Pennington BO, Johnson LV, Clegg DO, Hinton DR, Humayun 
MS, Sci. Transl. Med. 2018, 10, eaao4097.

[109]. Adil MM, Rao AT, Ramadoss GN, Chernavsky NE, Kulkarni RU, Miller EW, Kumar S, 
Schaffer DV, Adv. Funct. Mater. 2018, 28, 1804144.

[110]. Tsou YH, Khoneisser J, Huang PC, Xu X, Bioact. Mater. 2016, 1, 39. [PubMed: 29744394] 

[111]. Bae KH, Lee F, Xu K, Keng CT, Tan SY, Tan YJ, Chen Q, Kurisawa M, Biomaterials 2015, 63, 
146. [PubMed: 26100344] 

[112]. Suh JKF, Matthew HWT, Biomaterials 2000, 21, 2589. [PubMed: 11071608] 

[113]. Macaya D, Spector M, Biomed. Mater. 2012, 7, 012001.

[114]. Cheng T-Y, Chen M-H, Chang W-H, Huang M-Y, Wang T-W, Biomaterials 2013, 34, 2005. 
[PubMed: 23237515] 

[115]. Yuk H, Zhang T, Lin S, Parada GA, Zhao X, Nat. Mater. 2016, 15, 190. [PubMed: 26552058] 

[116]. Ekerdt BL, Fuentes CM, Lei Y, Adil MM, Ramasubramanian A, Segalman RA, Schaffer DV, 
Adv. Healthcare Mater. 2018, 7, 1800225.

[117]. Prange MM, Hooper HH, Prausnitz JM, AIChE J. 1989, 35, 803.

[118]. Zhang S, Burda JE, Anderson MA, Zhao Z, Ao Y, Cheng Y, Sun Y, Deming TJ, Sofroniew MV, 
ACS Biomater. Sci. Eng. 2015, 1, 705. [PubMed: 27547820] 

[119]. Medina RJ, Kataoka K, Takaishi M, Miyazaki M, Huh NH, J. Cell. Biochem. 2006, 98, 174. 
[PubMed: 16408300] 

[120]. Aguado BA, Mulyasasmita W, Su J, Lampe KJ, Heilshorn SC, Tissue Eng., Part A 2012, 18, 
806. [PubMed: 22011213] 

[121]. Gupta D, Tator CH, Shoichet MS, Biomaterials 2006, 27, 2370. [PubMed: 16325904] 

[122]. Rammensee S, Kang MS, Georgiou K, Kumar S, Schaffer DV, Stem Cells 2017, 35, 497. 
[PubMed: 27573749] 

[123]. Park JS, Chu JS, Tsou AD, Diop R, Tang Z, Wang A, Li S, Biomaterials 2011, 32, 3921. 
[PubMed: 21397942] 

[124]. Weickenmeier J, de Rooij R, Budday S, Steinmann P, Ovaert TC, Kuhl E, Acta Biomater. 2016, 
42, 265. [PubMed: 27475531] 

Muckom et al. Page 25

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[125]. Fattahi N, Arani A, Perry A, Meyer F, Manduca A, Glaser K, Senjem ML, Ehman RL, Huston J, 
Am. J. Neuroradiol. 2016, 37, 462. [PubMed: 26542235] 

[126]. Luque T, Kang MS, Schaffer DV, Kumar S, Soc R. Open Sci. 2016, 3, 150702.

[127]. Keung AJ, De Juan-Pardo EM, Schaffer DV, Kumar S, Stem Cells 2011, 29, 1886. [PubMed: 
21956892] 

[128]. Saha K, Keung AJ, Irwin EF, Li Y, Little L, Schaffer DV, Healy KE, Biophys. J. 2008, 95, 4426. 
[PubMed: 18658232] 

[129]. Engler AJ, Sen S, Sweeney HL, Discher DE, Cell 2006, 126, 677. [PubMed: 16923388] 

[130]. Leipzig ND, Shoichet MS, Biomaterials 2009, 30, 6867. [PubMed: 19775749] 

[131]. Trappmann B, Gautrot JE, Connelly JT, Strange DGT, Li Y, Oyen ML, Stuart MAC, Boehm H, 
Li B, Vogel V, Spatz JP, Watt FM, Huck WTS, Nat. Mater. 2012, 11, 642. [PubMed: 22635042] 

[132]. Huebsch N, Arany PR, Mao AS, Shvartsman D, Ali OA, Bencherif SA, Rivera-Feliciano J, 
Mooney DJ, Nat. Mater. 2010, 9, 518. [PubMed: 20418863] 

[133]. Banerjee A, Arha M, Choudhary S, Ashton RS, Bhatia SR, Schaffer DV, Kane RS, Biomaterials 
2009, 30, 4695. [PubMed: 19539367] 

[134]. Xiao X, Wang W, Liu D, Zhang H, Gao P, Geng L, Yuan Y, Lu J, Wang Z, Sci. Rep. 2015, 5, 
9409. [PubMed: 25797242] 

[135]. Teng W, Long TJ, Zhang Q, Yao K, Shen TT, Ratner BD, Biomaterials 2014, 35, 8916. 
[PubMed: 25085856] 

[136]. Jenkins TL, Little D, NPJ Regener. Med. 2019, 4, 1.

[137]. Guvendiren M, Burdick JA, Biomaterials 2010, 31, 6511. [PubMed: 20541257] 

[138]. Negah SS, Oliazadeh P, Jahan-Abad AJ, Eshaghabadi A, Samini F, Ghasemi S, Asghari A, Gorji 
A, Acta Biomater. 2019, 92, 132. [PubMed: 31075516] 

[139]. Fan L, Liu C, Chen X, Zou Y, Zhou Z, Lin C, Tan G, Zhou L, Ning C, Wang Q, ACS Appl. 
Mater. Interfaces 2018, 10, 17742. [PubMed: 29733569] 

[140]. Bai F, Wang Z, Lu J, Liu J, Chen G, Lv R, Wang J, Lin K, Zhang J, Huang X, Tissue Eng., Part 
A 2010, 16, 3791. [PubMed: 20673021] 

[141]. Moshayedi P, Nih LR, Llorente IL, Berg AR, Cinkornpumin J, Lowry WE, Segura T, 
Carmichael ST, Biomaterials 2016, 105, 145. [PubMed: 27521617] 

[142]. Raeber GP, Lutolf MP, Hubbell JA, Biophys. J. 2005, 89, 1374. [PubMed: 15923238] 

[143]. Lee HP, Stowers R, Chaudhuri O, Nat. Commun. 2019, 10, 1. [PubMed: 30602773] 

[144]. Madl CM, Lesavage BL, Dewi RE, Dinh CB, Stowers RS, Khariton M, Lampe KJ, Nguyen D, 
Chaudhuri O, Enejder A, Heilshorn SC, Nat. Mater. 2017, 16, 1233. [PubMed: 29115291] 

[145]. Ashton RS, Banerjee A, Punyani S, Schaffer DV, Kane RS, Biomaterials 2007, 28, 5518. 
[PubMed: 17881048] 

[146]. Afewerki S, Sheikhi A, Kannan S, Ahadian S, Khademhosseini A, Bioeng. Transl. Med. 2019, 
4, 96. [PubMed: 30680322] 

[147]. Zhu M, Wang Y, Ferracci G, Zheng J, Cho NJ, Lee BH, Sci. Rep. 2019, 9, 6863. [PubMed: 
31053756] 

[148]. Cui Z, Lee BH, Pauken C, Vernon BL, J. Biomed. Mater. Res., Part A 2011, 98A, 159.

[149]. Thiele J, Ma Y, Bruekers SMC, Ma S, Huck WTS, Adv. Mater. 2014, 26, 125. [PubMed: 
24227691] 

[150]. Kloxin AM, Tibbitt MW, Kasko AM, Fairbairn JA, Anseth KS, Adv. Mater. 2010, 22, 61. 
[PubMed: 20217698] 

[151]. Schultz KM, Kyburz KA, Anseth KS, Proc. Natl. Acad. Sci. USA 2015, 112, E3757.

[152]. Tamura M, Yanagawa F, Sugiura S, Takagi T, Sumaru K, Matsui H, Kanamori T, Sci. Rep. 2014, 
4, 4793. [PubMed: 24810563] 

[153]. Patterson J, Hubbell JA, Biomaterials 2010, 31, 7836. [PubMed: 20667588] 

[154]. Rao VV, Vu MK, Ma H, Killaars AR, Anseth KS, Bioeng. Transl. Med. 2019, 4, 51. [PubMed: 
30680318] 

[155]. Lu HF, Lim SX, Leong MF, Narayanan K, Toh RPK, Gao S, Wan ACA, Biomaterials 2012, 33, 
9179. [PubMed: 22998816] 

Muckom et al. Page 26

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[156]. Fontana G, Gershlak J, Adamski M, Lee JS, Matsumoto S, Le HD, Binder B, Wirth J, Gaudette 
G, Murphy WL, Adv. Healthcare Mater. 2017, 6.

[157]. Yang K, Lee JS, Kim J, Bin Lee Y, Shin H, Um SH, Kim JB, Park KI, Lee H, Cho SW, 
Biomaterials 2012, 33, 6952. [PubMed: 22809643] 

[158]. Kuhl PR, Griffith-Cima LG, Nat. Med. 1996, 2, 1022. [PubMed: 8782461] 

[159]. Wang T-Y, Forsythe JS, Nisbet DR, Parish CL, Biomaterials 2012, 33, 9188. [PubMed: 
23022345] 

[160]. Licht C, Rose JC, Anarkoli AO, Blondel D, Roccio M, Haraszti T, Gehlen DB, Hubbell JA, 
Lutolf MP, De Laporte L, Biomacromolecules 2019, 20, 4075. [PubMed: 31614080] 

[161]. Li X, Zhang Q, Luo Z, Yan S, You R, Biointerphases 2019, 14, 061001.

[162]. Wang L, Wu Y, Hu T, Ma PX, Guo B, Acta Biomater. 2019, 96, 175. [PubMed: 31260823] 

[163]. Barros D, Conde-Sousa E, Gonçalves AM, Han WM, García AJ, Amaral IF, Pêgo AP, Biomater. 
Sci. 2019, 7, 5338. [PubMed: 31620727] 

[164]. Lenzini S, Devine D, Shin JW, Front. Bioeng. Biotechnol. 2019, 7, 260. [PubMed: 31649928] 

[165]. Brown TE, Anseth KS, Chem. Soc. Rev. 2017, 46, 6532. [PubMed: 28820527] 

[166]. Keller A, Tilleman L, Dziedzicka D, Zambelli F, Sermon K, Van Nieuwerburgh F, Spits C, 
Geens M, Sci. Rep. 2019, 9, 14844. [PubMed: 31619727] 

[167]. Ye Z, Sarkar CA, Trends Cell Biol. 2018, 28, 1030. [PubMed: 30309735] 

[168]. Seo J, Shin JY, Leijten J, Jeon O, Camci-Unal G, Dikina AD, Brinegar K, Ghaemmaghami AM, 
Alsberg E, Khademhosseini A, Biomaterials 2018, 153, 85. [PubMed: 29079207] 

[169]. Zhang X, Li T, Liu F, Chen Y, Yao J, Li Z, Huang Y, Wang J, Mol. Cell 2019, 73, 130. 
[PubMed: 30472192] 

[170]. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, Peshkin L, Weitz DA, 
Kirschner MW, Cell 2015, 161, 1187. [PubMed: 26000487] 

[171]. Han X, Chen H, Huang D, Chen H, Fei L, Cheng C, Huang H, Yuan GC, Guo G, Genome Biol. 
2018, 19, 1. [PubMed: 29301551] 

[172]. Semrau S, Goldmann JE, Soumillon M, Mikkelsen TS, Jaenisch R, Van Oudenaarden A, Nat. 
Commun. 2017, 8, 1096. [PubMed: 29061959] 

[173]. Mitrousis N, Fokina A, Shoichet MS, Nat. Rev. Mater. 2018, 3, 441.

[174]. Li Y, Ceylan M, Shrestha B, Wang H, Lu QR, Asmatulu R, Yao L, Biomacromolecules 2014, 
15, 319. [PubMed: 24304204] 

[175]. Cai L, Dewi RE, Heilshorn SC, Adv. Funct. Mater. 2015, 25, 1344. [PubMed: 26273242] 

[176]. Lisa W, Timothy K, Adam S, Li Z, Arthur C, Stephen B, Front. Bioeng. Biotechnol. 2016, 4.

[177]. Bernhardt A, Wehrl M, Paul B, Hochmuth T, Schumacher M, Schütz K, Gelinsky M, PLoS One 
2015, 10, e0129205.

[178]. Jo J, Xiao Y, Sun AX, Cukuroglu E, Tran HD, Göke J, Tan ZY, Saw TY, Tan CP, Lokman H, 
Lee Y, Kim D, Ko HS, Kim SO, Park JH, Cho NJ, Hyde TM, Kleinman JE, Shin JH, Weinberger 
DR, Tan EK, Je HS, Ng HH, Cell Stem Cell 2016, 19, 248. [PubMed: 27476966] 

[179]. Giandomenico SL, Mierau SB, Gibbons GM, Wenger LMD, Masullo L, Sit T, Sutcliffe M, 
Boulanger J, Tripodi M, Derivery E, Paulsen O, Lakatos A, Lancaster MA, Nat. Neurosci. 2019, 
22, 669. [PubMed: 30886407] 

[180]. Xiang Y, Tanaka Y, Patterson B, Kang YJ, Govindaiah G, Roselaar N, Cakir B, Kim KY, 
Lombroso AP, Hwang SM, Zhong M, Stanley EG, Elefanty AG, Naegele JR, Lee SH, Weissman 
SM, Park IH, Cell Stem Cell 2017, 21, 383. [PubMed: 28757360] 

[181]. Cakir B, Xiang Y, Tanaka Y, Kural MH, Parent M, Kang Y-JJ, Chapeton K, Patterson B, Yuan Y, 
He C-SS, Raredon MSB, Dengelegi J, Kim K-YY, Sun P, Zhong M, Lee SS-HH, Patra P, Hyder 
F, Niklason LE, Lee SS-HH, Yoon Y-SS, Park I-HH, Nat. Methods 2019, 16, 1169. [PubMed: 
31591580] 

[182]. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, Sekiguchi K, Adachi T, 
Sasai Y, Nature 2011, 472, 51. [PubMed: 21475194] 

Muckom et al. Page 27

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[183]. Birey F, Andersen J, Makinson CD, Islam S, Wei W, Huber N, Fan HC, Metzler KRC, 
Panagiotakos G, Thom N, O’Rourke NA, Steinmetz LM, Bernstein JA, Hallmayer J, Huguenard 
JR, Pasca SP, Nature 2017, 545, 54. [PubMed: 28445465] 

[184]. Mariani J, Coppola G, Zhang P, Abyzov A, Provini L, Tomasini L, Amenduni M, Szekely A, 
Palejev D, Wilson M, Gerstein M, Grigorenko EL, Chawarska K, Pelphrey KA, Howe JR, 
Vaccarino FM, Cell 2015, 162, 375. [PubMed: 26186191] 

[185]. Lindborg BA, Brekke JH, Vegoe AL, Ulrich CB, Haider KT, Subramaniam S, Venhuizen SL, 
Eide CR, Orchard PJ, Chen W, Wang Q, Pelaez F, Scott CM, Kokkoli E, Keirstead SA, Dutton 
JR, Tolar J, O’Brien TD, Stem Cells Transl. Med. 2016, 5, 970. [PubMed: 27177577] 

[186]. Schwartz MP, Hou Z, Propson NE, Zhang J, Engstrom CJ, Costa VS, Jiang P, Nguyen BK, 
Bolin JM, Daly W, Wang Y, Stewart R, Page CD, Murphy WL, Thomson JA, Proc. Natl. Acad. 
Sci. USA 2015, 112, 12516. [PubMed: 26392547] 

[187]. Celiz AD, Smith JGW, Patel AK, Hook AL, Rajamohan D, George VT, Flatt L, Patel MJ, Epa 
VC, Singh T, Langer R, Anderson DG, Allen ND, Hay DC, Winkler DA, Barrett DA, Davies 
MC, Young LE, Denning C, Alexander MR, Adv. Mater. 2015, 27, 4006. [PubMed: 26033422] 

[188]. Lin H, Du Q, Li Q, Wang O, Wang Z, Liu K, Elowsky C, Zhang C, Lei Y, ACS Appl. Mater. 
Interfaces 2018, 10, 29238. [PubMed: 30091584] 

[189]. Lam J, Carmichael ST, Lowry WE, Segura T, Adv. Healthcare Mater. 2015, 4, 534.

[190]. Ni N, Hu Y, Ren H, Luo C, Li P, Wan JB, Su H, PLoS One 2013, 8.

[191]. Adil MM, Rodrigues GMC, Kulkarni RU, Rao AT, Chernavsky NE, Miller EW, Schaffer DV, 
Sci. Rep. 2017, 7, 40573. [PubMed: 28091566] 

[192]. Rodrigues GMC, Gaj T, Adil MM, Wahba J, Rao AT, Lorbeer FK, Kulkarni RU, Diogo MM, 
Cabral JMS, Miller EW, Hockemeyer D, Schaffer DV, Stem Cell Rep. 2017, 8, 1770.

[193]. Pennington BO, Clegg DO, Melkoumian ZK, Hikita ST, Stem Cells Transl. Med. 2015, 4, 165. 
[PubMed: 25593208] 

[194]. Maruotti J, Wahlin K, Gorrell D, Bhutto I, Lutty G, Zack DJ, Stem Cells Transl. Med. 2013, 2, 
341. [PubMed: 23585288] 

[195]. Tucker BA, Anfinson KR, Mullins RF, Stone EM, Young MJ, Stem Cells Transl. Med. 2013, 2, 
16. [PubMed: 23283489] 

[196]. Hunt NC, Hallam D, Karimi A, Mellough CB, Chen J, Steel DHW, Lako M, Acta Biomater. 
2017, 49, 329. [PubMed: 27826002] 

[197]. Lawley E, Baranov P, Young M, J. Biomater. Appl. 2015, 29, 894. [PubMed: 25145988] 

[198]. Kundu J, Michaelson A, Talbot K, Baranov P, Young MJ, Carrier RL, Acta Biomater. 2016, 31, 
61. [PubMed: 26621699] 

[199]. Worthington KS, Green BJ, Rethwisch M, Wiley LA, Tucker BA, Guymon CA, Salem AK, 
Biomacromolecules 2016, 17, 1684. [PubMed: 27008004] 

[200]. Worthington KS, Wiley LA, Guymon CA, Salem AK, Tucker BA, J. Ocul. Pharmacol. Ther. 
2016, 32, 310. [PubMed: 26692377] 

[201]. Yao J, Ko CW, Baranov PY, Regatieri CV, Redenti S, Tucker BA, Mighty J, Tao SL, Young MJ, 
Tissue Eng., Part A 2015, 21, 1247. [PubMed: 25517296] 

[202]. Moradian H, Keshvari H, Fasehee H, Dinarvand R, Faghihi S, Mater. Sci. Eng., C 2017, 76, 
934.

[203]. Lam J, Lowry WE, Carmichael ST, Segura T, Adv. Funct. Mater. 2014, 24, 7053. [PubMed: 
26213530] 

[204]. Ballios BG, Cooke MJ, Donaldson L, Coles BLK, Morshead CM, van der Kooy D, Shoichet 
MS, Stem Cell Rep. 2015, 4, 1031.

[205]. Ballios BG, Cooke MJ, van der Kooy D, Shoichet MS, Biomaterials 2010, 31, 2555. [PubMed: 
20056272] 

[206]. Zweckberger K, Ahuja CS, Liu Y, Wang J, Fehlings MG, Acta Biomater. 2016, 42, 77. 
[PubMed: 27296842] 

[207]. Johnson PJ, Tatara A, Shiu A, Sakiyama-Elbert SE, Cell Transplant. 2010, 19, 89. [PubMed: 
19818206] 

Muckom et al. Page 28

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[208]. Xue J, Liu Y, Darabi MA, Tu G, Huang L, Ying L, Xiao B, Wu Y, Xing M, Zhang L, Zhang L, 
Mater. Sci. Eng., C 2019, 100, 584.

[209]. Francis NL, Zhao N, Calvelli HR, Saini A, Gifford JJ, Wagner GC, Cohen RI, Pang ZP, Moghe 
PV, Tissue Eng., Part A 2020, 26, 193. [PubMed: 31537172] 

[210]. Shi W, Huang CJ, Xu XD, Jin GH, Huang RQ, Huang JF, Chen YN, Ju SQ, Wang Y, Shi YW, 
Qin JB, Zhang YQ, Liu QQ, Wang XB, Zhang XH, Chen J, Acta Biomater. 2016, 45, 247. 
[PubMed: 27592818] 

[211]. Wang TY, Bruggeman KF, Kauhausen JA, Rodriguez AL, Nisbet DR, Parish CL, Biomaterials 
2016, 74, 89. [PubMed: 26454047] 

[212]. Bible E, Qutachi O, Chau DYS, Alexander MR, Shakesheff KM, Modo M, Biomaterials 2012, 
33, 7435. [PubMed: 22818980] 

[213]. Hoban DB, Newland B, Moloney TC, Howard L, Pandit A, Dowd E, Biomaterials 2013, 34, 
9420. [PubMed: 24054846] 

[214]. Guan J, Zhu Z, Zhao RC, Xiao Z, Wu C, Han Q, Chen L, Tong W, Zhang J, Han Q, Gao J, Feng 
M, Bao X, Dai J, Wang R, Biomaterials 2013, 34, 5937. [PubMed: 23664090] 

[215]. Xue S, Wu G, Zhang H, Guo Y, Zou Y, Zhou Z, Jiang X, Ke Y, Xu R, J. Neurotrauma 2015, 32, 
506. [PubMed: 25225747] 

[216]. Aligholi H, Rezayat SM, Azari H, Mehr S. Ejtemaei, Akbari M, Mousavi SMM, Attari F, 
Alipour F, Hassanzadeh G, Gorji A, Brain Res. 2016, 1642, 197. [PubMed: 27038753] 

[217]. Jahan-Abad AJ, Negah SS, Ravandi HH, Ghasemi S, Borhani-Haghighi M, Stummer W, Gorji 
A, Ghadiri MK, Mol. Neurobiol. 2018, 55, 9122. [PubMed: 29651746] 

[218]. Nori S, Khazaei M, Ahuja CS, Yokota K, Ahlfors JE, Liu Y, Wang J, Shibata S, Chio J, 
Hettiaratchi MH, Führmann T, Shoichet MS, Fehlings MG, Stem Cell Rep. 2018, 11, 1433.

[219]. Liang Y, Walczak P, Bulte JWM, Biomaterials 2013, 34, 5521. [PubMed: 23623429] 

[220]. Zhong J, Chan A, Morad L, Kornblum HI, Fan G, Carmichael ST, Neurorehabil. Neural Repair 
2010, 24, 636. [PubMed: 20424193] 

[221]. Zhang K, Shi Z, Zhou J, Xing Q, Ma S, Li Q, Zhang Y, Yao M, Wang X, Li Q, Li J, Guan F, J. 
Mater. Chem. B 2018, 6, 2982. [PubMed: 32254333] 

[222]. Führmann T, Anandakumaran PN, Payne SL, Pakulska MM, V Varga B, Nagy A, Tator C, 
Shoichet MS, Biomed. Mater. 2018, 13, 024103.

[223]. Mothe AJ, Tam RY, Zahir T, Tator CH, Shoichet MS, Biomaterials 2013, 34, 3775. [PubMed: 
23465486] 

[224]. Führmann T, Tam RY, Ballarin B, Coles B, Donaghue IE, van der Kooy D, Nagy A, Tator CH, 
Morshead CM, Shoichet MS, Biomaterials 2016, 83, 23. [PubMed: 26773663] 

Muckom et al. Page 29

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Applications of advanced materials in CNS study and repair.
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Figure 2. 
Comparison of features for different models of human CNS development.
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Figure 3. 
A) Extrinsic regulation of stem cell fate. B) The use of material scaffolds to guide chemical 

and physical extrinsic regulation across space and time for improved generation of 

organoids.

Muckom et al. Page 32

Adv Funct Mater. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Fully defined material scaffold approaches toward guided organization of organoids. A) 

Dorso-ventral patterning (SHH and Pax6 expression) in pluripotent stem cell derived neural 

tube models can be induced by defined dosages of retinoic acid using fully defined laminin 

and PEG scaffolds in comparison to ill-defined Matrigel scaffold; Reproduced under the 

terms and conditions of a Creative Commons BY-NC-ND license. Copyright 2014 The 

Authors, published by Elsevier. B) 60 d protocol (panel a) using a PLGA microfilament 

scaffold enables physical and spatial patterning for guided cerebral organoid growth (panels 
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b and c) and modified spatial cellular patterning and marker expression compared to an 

unguided spheroid patterning approach (panels d and e). Adapted with permission.[55] 

Copyright 2017, Springer Nature.
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Figure 5. 
Microscale and macroscale considerations for engineering materials to enhance stem cell 

manufacturing.
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Figure 6. 
Materials can be engineered to overcome problems peri- and post-implantation of neural 

cells into the CNS.
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Figure 7. 
Engineered materials designed to scale up stem cell manufacturing and differentiation to 

generate desired cell types to target neurological diseases. A) iPSCs are able to expand in 3D 

PNIPAAm-PEG hydrogels and B) differentiate into ventral midbrain neurons. Adapted 

under the terms and conditions of a CC BY license.[80] Copyright 2017, Springer Nature 

Limited. C) H9-hESCs expand in alginate tubes and D,E) retain their pluripotency after 

long-term culture in these tubes. Adapted under the terms of a CC BY license.[77] Copyright 

2018, IOP Publishing.
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Figure 8. 
Engineered materials applied toward solving several problems in neural cell transplantation 

in the central nervous system. A) Cells suspended in thermo-reversible DCH-T at different 

time points after syringe loading to visually monitor sedimentation in the syringe compared 

to control cells suspended in cell media. Cell survival is quantified post-injection when 

suspended in DCH-T and cell media; Adapted with permission from ref. [118]. Copyright 

2015 American Chemical Society. B) Host microglial immune response (Iba1+ cells at graft 

site) and quantification comparing implantation of hMgSCs in PBS and R-GSIK; Adapted 
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with permission.[138] Copyright 2019, Elsevier. C) Vascularization within lesion site 

measured by CD31+ expression (red) within an iPSC-NPC graft (green) implanted with 

hyaluronic acid (blue); Reproduced with permission.[141] Copyright 2016, Elsevier. D) 

HNCAM+ cells (green) implanted in a hyaluronic acid gel functionalized with growth 

factors (panels g and i) displayed increased graft area and cell innervation post-implantation 

into the striatum of a rat model of Parkinson’s disease compared to cells implanted in PBS 

(panels h and j) and corresponding quantification of graft area (panel k); Adapted with 

permission.[109] Copyright 2018, Wiley-VCH.
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Figure 9. 
Roadmap of components to consider when designing a cell therapy with material delivery 

vehicle.
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Table 1.

Matrigel-based self-organization in 3D models of CNS development and disease.

Application CNS feature Advancement made/insight gained Refs.

Development Cerebral cortex Similar gene expression patterns between organoids and fetal brain [31]

Cerebral cortex Differences in methylation patterns between organoids and fetal brain [32]

Cerebral cortex Neuronal network formation in organoids resembles developing cortex [33]

Midbrain Neuromelanin-like granule production [178]

Neuronal axon tracts Presence of endogenous axon guidance cues [179]

Medial ganglionic eminence 
(MGE)

Interneuron migration [180]

Cerebral cortex Vasculature and blood-brain barrier features from ETV2-expressing cells [181]

Brain In vivo physiological environment [59]

Cortical neuroepithelium (NE) NE grows in thickness by growth of radial glia fiber length [37]

Optic cup Intrinsic self-organizing program of retinal epithelium [182]

Optic cup Differences in human and mouse optic cup formation [29]

Disease model Dorsal and ventral forebrain Interneuron migration in Timothy syndrome [183]

Cerebral cortex Premature neural differentiation in microcephaly patients [36]

Alzheimer’s disease (AD) Experimental validation of amyloid hypothesis of AD [34]

Dorsal forebrain Zika virus decreases neuronal cell layer volume, microencephaly [38–56]

Telencephalon Overproduction of inhibitory neurons during development of autism 
patients

[184]
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Table 5.

Advanced materials for peri-implantation improvement of cell therapy into the CNS.

Base material Additives Cell type: indication Peri-implantation Refs.

SF Sed Rfx

DCH-T – NSCs: injured CNS ✓ ✓ [118]

Alginate – MSCs, NPCs ✓ [120]

RADA16 IKVAV peptide NSCs: cerebral neocortex loss ✓ [114]

PLGA Collagen Bone marrow derived MSCs ✓ [202]

HA – iPSC-NSCs: stroke ✓ ✓ ✓ [203]

HAMC – SCI ✓ [121]

– RSPCs: retinal disease ✓ [204,205]

Note: SF: Shear force reduction, Sed: Sedimentation reduction, Rfx: Reflux reduction.
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